









Tar Formation and Transformation in Steam 




A thesis submitted in partial fulfilment  
of the requirements for the  
Degree of Doctor of Philosophy 
in 
Chemical and Process Engineering  



















Gasification is a promising thermos-chemical process that converts biomass into syngas 
(producer gas). However, the generation of tar compounds during the gasification process limit 
the subsequent syngas application, since it causes operational problems by blocking 
downstream equipment. Furthermore, tar removal is one of the main challenges for the 
commercialisation of the biomass gasification technology. Since 2007, a 100kW dual fluidised 
bed (DFB) gasifier is under development by the Bioenergy Research Group at the University 
of Canterbury to assess the performance of syngas. But there is an apparent knowledge gap in 
understanding tar formation and conversion in the DFB gasifier, especially for the 
transformation of gas and tar production from initial devolatilization to subsequent gasification. 
This thesis aims to fundamentally understand and establish the tar formation and conversion 
during biomass gasification, with the objective of determining the operating parameters and 
selection of feedstocks and bed materials for reduction of the tar content in the producer gas. 
 
To achieve the objective, the evolution of gas and tar compounds produced from initial 
devolatilization stage to subsequent gasification stage have been experimentally investigated 
in the 100kW DFB gasifier. N2 and steam were respectively introduced into the DFB gasifier 
as fluidisation agent for devolatilization and gasification process. The producer gas 
composition was analysed by a micro-gas chromatography (GC), while the tar compounds were 
identified and quantified by the GC analysis.  
 
The first part of the thesis deals with the effect of operating parameters on tar conversion and 
reduction. The operating parameters included the gasification temperature (in the range of 700-
800°C), mean gas residence time (from 0.19 to 0.25 s) and steam to biomass ratio (from 0.63 
to 1.51). Pellets of radiata pine wood were used as the feedstock, and silica sand was used as 
the bed material.  
 
The results demonstrated the correlations between tar and light gas from initial devolatilization 
to final gasification. During devolatilization, linear relations on the mass production between 
of light poly-aromatic hydrocarbon (PAH) tar compounds and CH4, and between heavy PAH 
tar compounds and C2 gas (C2H2+C2H4) were obtained. In the subsequent gasification, a linear 
relation between heavy PAH tar compounds and C2H2+C2H4 were also presented. 
Consequently, CH4, C2H2 and C2H4 could be used as indicators of tar production and speciation. 
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These results provided an understanding of the tar conversion and transformation is taking 
place in the DFB gasifier, the correlation between tar and light gas could be used to estimate 
the PAH tar compounds during biomass gasification. 
 
Besides, it was found that the total tar concentration in the producer gas was reduced by 34%, 
36% and 46%, respectively, by changing the operating parameters (1) the elevating gasification 
temperature, (2) longer the residence time, and (3) increasing steam to biomass (S/B) ratio. 
Interestingly, within the testing range, the proportion of heavy PAH tar in the total tar 
production was increased from 30% to 48%, and from 33% to 42%, respectively, by changing 
the temperature and S/B ratio. However, the residence time had very few effects on the 
proportion of heavy PAH tar.  
 
In the second part, the tar formation and conversion during the steam gasification of various 
biomass species at 700 and 800°C were studied. Radiata pine wood, corn stover and rice husk 
were selected as the biomass feedstock. Cellulose, hemicellulose and lignin are three main 
components in the biomass, whose chemical structure, composition and thermal decomposition 
properties are different. It was found that corn stove was rich in cellulose, rice husk had a high 
content of hemicellulose and pine had a high content of lignin.  
 
In devolatilization process, the experimental results demonstrated that radiata pine generated a 
high proportion of toluene, while corn stover exhibited a high proportion of phenols, while in 
the subsequent gasification process, radiata pine wood produced a high proportion of 
naphthalene, while corn stover gave a large proportion of biphenyl. The results allow 
understanding of the main conversion mechanisms taking place in the gasifier. Consequently, 
two simplified chemical pathways of secondary tar conversion (phenols and toluene were used 
as the precursor, respectively) were proposed. In addition, the proportion of total PAH tar 
compounds in the producer gas from gasification of pine wood was the highest followed by 
gasification of rice husk and then corn stover, because lignin represents a potential precursor 
for PAH tar formation. 
 
In the last part, the effects of bed material on tar reduction in the steam gasification were 
experimentally investigated. The selected catalytic bed materials were calcined olivine sand, 
Woodhill sand and limestone-silica blends (50-50 wt.%) while silica sand was used as control. 
The experimental results have demonstrated that catalytic bed materials effectively reduce the 
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tar concentration. It was found that, in comparison with silica sand, the tar concentration was 
reduced by 24%, 28% and 43%, respectively, with calcined olivine, Woodhill sand and 
limestone-silica blends. In the meantime, H2 production was promoted by using catalytic bed 
material, since the effect on the equilibrium of water-gas shift reaction. 
 
This research demonstrated the influence of operating parameter and selection of feedstock and 
bed material on the tar reduction in the DFB gasifier, providing the information for the further 
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Chapter 1. Introduction  
In this chapter, the biomass resource and biomass conversion technologies are briefly 
introduced. The program of Biomass to Syngas and Liquid Fuels (BTSL) at the University of 




1.1.1. Global energy issues 
Due to the industrialization, high growth rates of population and urbanization, and the 
developments in transportation, the world is currently faced with a series of issues involving 
extensive use of fossil fuels including resource depletion and negative impacts on the 
environment (air pollution and climate change due to greenhouse gas emissions). Therefore, 
renewable and sustainable energy is becoming more and more attractive, which is expected to 
play an important role in future energy supply to substitute fossil fuels. According to 
International Energy Outlook 2016 by U.S energy information administration, although fossil 
fuels still account for more than three-quarters of world energy consumption through 2040, 
renewable energy is the world's fastest-growing energy contributor increasing by 2.6% per year 
through to 2040 [1], as shown in Fig. 1-1. 
 
 




1.1.2. Biomass and biomass energy 
Biomass as a renewable and environmentally friendly energy source [2, 3] is estimated to 
contribute a significant share (approximately 14% ) in the worldwide energy consumption, 
while it is also likely to remain the main source of primary energy feedstock for the developing 
countries [4]. 
 
Biomass, including all land and water based vegetation, is produced by green plants and may 
also include all organic solid wastes [5]. It is available in different forms, for example, 
agricultural and forestry residues, biological materials by-products, wood, organic parts of 
municipal and sludge wastes having variable moisture content and chemical compositions [6]. 
From a view of chemistry, biomass stores chemical energy in the form of carbohydrates by 
combining solar energy and carbon dioxide through photosynthesis process [7]. Biomass has 
been identified as a carbon neutral energy source since the carbon dioxide captured during 
photosynthesis is released when the biomass or biomass fuels are combusted in use [8].  
 
Biomass can be transformed to solid, liquid and gaseous fuels or heat and power. The key 
drivers for the growing interests in using biomass are: (1) Biomass can substitute fossil fuels 
thus can reduce dependency on fossil fuel. (2) Biomass energy processing industry generates 
employment in rural areas [9]. (3) Biomass energy can help to deal with environmental 
problems by decreasing CO2 and other pollutant gas emissions [10]. Therefore, it is critically 
important to develop clean and efficient biomass energy conversion technologies for 
commercialisation. 
 
1.1.3. Biomass conversion technologies 
There are several routes to convert biomass into useful energy products depending on the 
biomass characteristics and the requirement of the end product and its applications [11]. The 
most promising conversion technologies which are commercialised either at present or in next 
5 to 10 years are in the category of thermochemical conversion route [12]. Thermochemical 
conversion processes including combustion, gasification, pyrolysis and hydrothermal 
liquefaction, are flexibility in accepting the various biomass feedstock and also producing a 
wide range of energy products [13-15]. In the thermochemical conversion, heat is applied to 
break biomass down into smaller, constituent units, which are then combusted or further 
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processed into useful compounds [16]. The major thermochemical conversion routes of 
biomass are shown in Fig. 1-2.  
 
 
Fig. 1-2. Thermochemical conversion of biomass [17]. 
 
Among the three main thermochemical process as shown in Fig. 1-2, gasification has been 
considered to be a more attractive process [18, 19], which converts solid biomass into a 
combustible gas mixture in the presence of gasification agents (air or steam) [20-22]. The gas 
mixture produced (which is also called producer gas or product gas) can be utilized directly as 
fuels for power generation or for the synthesis of liquid fuel and chemicals, such as Fischer-
Tropsch for manufacturing diesel [23]. The key advantage of gasification is high conversion 
efficiency, which a value of 70-80% being reported [24, 25], and flexibility for the producer 
gas use. 
 
The use of steam as the gasification agent generates the producer gas which can have a higher 
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gasification [26]. The steam gasification process can be divided into two main stages after a 
short period of biomass drying: biomass devolatilization and subsequent gasification reactions 
between char and gases (heterogeneous) and among gases (homogeneous).  
1.1.4. Tar issues in biomass gasification 
During biomass gasification, many undesirable compounds are generated such as tar and other 
gaseous contaminants (NH3, HCl and H2S). Tar is a complex mixture of condensable 
hydrocarbons comprising single-ring to 5-ring aromatic compounds plus other oxygen-
containing hydrocarbons and complex polyaromatic hydrocarbons (PAHs) [27]. The presence 
of tar in the producer gas can cause operational problems in the downstream applications. For 
example, the condensable heavy tar compounds may lead to blockage of the downstream 
equipment – filters, valve and pipelines where the temperature is below the dew points of these 
compounds. Therefore, tar formation and condensation at reduced temperatures are the major 
issues which need to be effectively removed from the producer gas in the commercialisation of 
the biomass gasification technology [28].  
 
It has been found that the higher volatile matter in the biomass makes it more susceptible to tar 
formation [29]. In the initial devolatilization stage, the molecular structure of biomass is first 
decomposed into char, tar, and vapours gases when the temperature is increased to 300-500°C. 
[30]. As the temperature is further increased, tar is further subject to decomposition, oxidation, 
reforming, and depolymerisation reactions, which change the compound composition [31]. It 
can be classified into several classes according to formation temperature and composition [32]. 
Fig. 1-3 presents the tar formation process with temperature.  
 
Fig. 1-3. Tar maturation scheme proposed by Elliott [33]. 
 
Methods to control tar formation and for tar removal during biomass gasification can be 


























measures reduce tar within the gasifier itself through optimization of design/operating 
conditions and the addition of catalytic bed materials [34, 35], whereas “secondary” measures 
remove the tar from in the producer gas by filtration, scrubbing, or catalysis in a separate step 
after gasification [36, 37]. 
 
1.2. BTSL program 
In past ten years, the Bioenergy Research Group in the Department of Chemical and Process 
Engineering, University of Canterbury, has been conducting a research programme, Biomass 
to Hydrogen-Rich Syngas and Liquid Fuel (BTSL), whose focus is on adapting and developing 
the thermos-chemical process technologies for biomass conversion. 
 
There are four primary objectives in this programme: 
• To produce hydrogen-rich syngas from advanced biomass gasification technology; 
• To produce liquid fuel using the hydrogen-rich syngas through Fischer-Tropsch (FT) 
synthesis; 
• To produce the liquid fuel from biomass pyrolysis technology; and 
• To establish and develop new biomass resources. 
 
Since 2007, a 100kW dual fluidised bed (DFB) gasifier has been designed, constructed and 
commissioned [38, 39]. The advantage of this gasifier is its ability to produce a syngas with a 
high calorific value and a high hydrogen content. The configurations of the DFB gasifier will 
be introduced in Chapter 3. A large number of experiments have been conducted on the DFB 
gasifier. Different feedstock, such as woody and herbaceous species, biosolid wastes [26] and 
biomass-coal blends [40] have been tested in the DFB gasifier. In addition, the impacts of 
operation conditions [41] and bed materials [42] were also investigated to provide flexibility 
for syngas applications such as hydrogen production, heat and power generation, or Fischer-
Tropsch (FT) synthesis.  
 
At the same time, some fundamental studies including gasification kinetics studies, 
hydrodynamics studies and mathematic modelling were undertaken for the optimisation of 
scale-up design and operation of the DFB gasifier. Dr Mook Tzeng Lim [43] had simulated the 
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hydrodynamics of a cold model of a dual fluidised bed gasification plant Lim. Dr Prasanth 
Gopalakrishnan [44] and Dr Qixiang Xu [45] had developed a mathematical modelling of 
biomass gasification and co-gasification of coal-biomass blends, respectively, to predict the 
syngas quality (gas composition and yield).  
 
As one of the main challenges for the successful development of commercial gasification 
technologies. Removal of the impurities in gasification syngas is essential to meet the stringent 
requirement of the FT synthesis process and other downstream application. Tar and other 
gaseous contaminants, such as NH3 and H2S, are the unavoidable contamination produced 
during biomass gasification. Dr Janjira Hongrapipat [46] had developed the gas cleaning 
technology for removal of NH3 and H2S with low construction and operating cost.  
 
However, there is still knowledge gap on the tar formation and reduction in a DFB gasifier. 
This thesis will focus on the tar formation and transformation during the biomass gasification 
process. Meanwhile, the optimisation of operation conditions, biomass selection and catalytic 
bed material addition for tar reduction in the DFB gasifier will be investigated.    
 
1.3. Objectives of studies  
The objectives of this project are: (1) to investigate mechanism of tar formation during the 
gasification processes and to examine effects of the operation conditions, such as gasification 
temperature, steam to biomass ratio and gas residence time; (2) to investigate the influences of 
biomass species on the tar formation; (3) to investigate the effect of catalytic bed materials in 
the DFB gasification process on tar content in the producer gas. The results from this study 
will be used to in practical gasification operation to optimize the operational conditions for 
production of a syngas with low tar concentrations.  
 
1.4. Thesis outline 
Chapter 2 will present a comprehensive literature review in which biomass characteristics, 
properties and biomass conversion technologies are described. Following this, the tar 
properties and classification, tar formation reactions and kinetics models are presented. Finally, 




In order to investigate the tar formation and destruction during the steam gasification process, 
a series of experiments were conducted on the 100kW dual fluidised bed steam gasifier. The 
details of this gasifier are described in Chapter 3. In addition, development of producer gas and 
tar sampling system are presented, and chemical analysis methods are described. 
 
Chapter 4 presents the experimental investigation on the yields and quality of intermediate 
products (gas and tar) from the devolatilization and those from steam gasification of woody 
biomass in the DFB gasifier. Based on the experimental results, correlations between products 
from the initial devolatilization and those of final producer gas from the biomass gasification 
are established. The work in this chapter has recently been published in Fuel journal [47]. In 
addition, the influences of operation conditions (temperature, residence time and steam to 
biomass ratio) on the tar yield and concentration in the producer gas are also studied in Chapter 
5. Based on the results from Chapter 4 and 5, the gasification operation conditions are 
optimised to achieve low tar content and high gas yield. 
 
In Chapter 6, the gasification performances of various biomass species are experimentally 
investigated, and components (cellulose, hemicellulose and lignin) in each biomass species are 
determined. Different biomass component decomposes at different temperatures and produces 
different products with heating. Therefore, biomass gasification yields a complex mixture of 
vapour and gaseous compounds including tar compounds. In this chapter, the effects of the 
primary components of the biomass on the tar formation are analysed, and linkage of tar 
formation from the initial devolatilization to final steam gasification is also studied. A journal 
paper on this study has been submitted to ‘Renewable Energy’. 
 
In Chapter 7, the effects of four types of bed materials (silica sand, calcined olivine, Woodhill 
sand and limestone) on the tar content and gas composition in steam gasification of woody 
biomass in a dual fluidised bed gasifier are experimentally investigated. The catalytic effects 
of bed material on the tar productions were compared are analysed. 
 
Finally, the conclusion of this research and recommendations for the future work are given in 
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Chapter 2. Tar Formation and Transformation in Steam 
Gasification of Biomass in a DFB Gasifier: Literature Review  
In this chapter, biomass resources and characteristics are introduced firstly. After this, 
dual fluidised bed (DFB) gasification technology and gasification process are 
described. Issues in the DFB, steam gasification of biomass are identified with a focus 
on tar composition and classification. Finally, mechanisms of the tar formation during 
the gasification are examined, and various tar removal technologies are assessed. 
 
2.1. Biomass  
Biomass as a renewable and environmentally friendly energy source has been 
considered to play an important role for future generation heat, power, and gaseous and 
liquid fuels [1]. Biomass can broadly be defined as organic matters grown in plants 
through photosynthesis in which carbon dioxide and light (solar energy) are converted 
to organic compounds (chemical energy) [2]. Hence, among all of the renewable 
resources, biomass is the only renewable source as a sustainable carbon carrier for 
energy utilisation [3]. In this way, the biomass is considered to be largely carbon-neutral, 
since CO2 emitted during the biomass energy utilisation can be balanced by the CO2 
absorbed by growing plants through photosynthesis [4]. 
 
2.1.1. Biomass resource and variability  
Biomass resources can be sourced from forest sector, agriculture sector and bio-solid 
wastes (animal wastes, waste from food processing, aquatic plants, algae and so on) [5]. 
Biomass resources can be divided into different groups, according to their distinct 








Table 2-1. General classification of biomass resources [6]. 
Biomass group Example and species 
Woody biomass 
Stems, branches, bark, chips sawdust, sawmill and 
others from various wood species [7, 8] 
Herbaceous and 
agricultural biomass 
Grasses and flowers – switchgrass [9, 10], Miscanthus  
Straws from rice [11], wheat, corn crops 
Other residues – shells, husks, bagasse [12], cobs 
Aquatic biomass Macro-algae, microalgae 
Animal and human 
bio-solid wastes 
Bones, chicken litter [13] 
Contaminated 
biomass Used fiberboard, waste paper 
Biomass mixture Blends from the above varieties 
 
2.1.2. Biomass properties  
The inherent properties of the biomass source determine both the choice of the 
conversion process and any subsequent processing related issues that may arise. For 
that purpose, physical and chemical characterizations of various biomass resources 
have been conducted in literature. Two methods, proximate analysis and ultimate 
analysis, are commonly used to quantify the properties of biomass as shown in Fig. 2-





Fig. 2-1. Biomass component present in the proximate analysis [15]. 
 
Table 2-2. Proximate analysis and ultimate analysis of several types of common 





















Moisture 9.7 20 8.0 5.6 7.4 
Ash 3.0 4.6 0.4 12.7 6.8 
Volatiles 71.2 58.4 77.4 62.2 8.3 
Fixed 






C 40.2 47.0 51.6 38.6 81.5 
H 4.1 5.3 5.9 4.3 4.0 
O 42.6 41.4 42.3 37.2 3.3 
N 0.4 0.5 0.2 1.1 1.2 
S 0.04 0.1 0.1 0.65 3.0 
 
The compositions of several types of biomass and coal are listed in Table 2-2 from 
which it can be seen that the biomass contain more oxygen and less carbon compared 
to the coal. The high oxygen content in the biomass is due to the acid alcoholic groups 
in the cellulose, hemicelluloses and lignin [19]. However, the coals contain higher 
contents of sulphur and nitrogen. Biomass has a relatively high reactivity as it contains 
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high atomic H/C ratio and has a high content of volatile matters. In addition, the high 
reactivity of biomass is also a consequence of the large surface area of biomass and the 
inherent alkali metals [20]. For example, agricultural residues contain abundant calcium 
and potassium species [21]. The high reactivity of biomass can enhance the 
thermochemical conversion reactions [22].  
 
Cellulose, hemicellulose and lignin are found to be the major components of woody 
biomass and biomass from other crops [23]. In general, biomass is typically composed 
of 65-85 wt.% polymers including cellulose and hemicelluloses (both combinations is 
also termed as holocellulose), with another 15-30 wt.% corresponding to lignin [24]. 
Different kinds of biomass have different contents of holocellulose and lignin. 
Agricultural and herbaceous biomass (grasses and straw) generally contain less lignin, 
but more holocellulose as compared to woody biomass [25]. Table 2-4 presents the 
reported results of holocellulose and lignin contents of some types of biomass. 
 
Table 2-3. Cellulose/hemicellulose/lignin content of some types of biomass (wt.%) 
[26, 27]. 
Types of biomass Cellulose (%) Hemicellulose (%) Lignin (%) Other (%) 
Softwood 41 24 28 7 
Hardwood 39 35 20 7 
Wheat straw 40 28 17 15 
Rice husk 47 25 26 2 
Pine wood 46 22 31 1 
Bagasse 38 39 20 3 
 
Cellulose is a high molecular weight linear polymer of glucopyranose units [28]. It has 
a chemical formula as (C6H10O5)n, where n is the number of monomer units, from 200 
to 10,000. Hemicellulose is a mixture of polysaccharides present in the cell wall, being 
composed of various monosaccharides, including glucose, hexoses, xylose and glucose 
[29]. Lignin is an organic substance binding the cells, fibres and vessels which 
constitute wood and the lignified elements of plant [30, 31], as in straw. It is a generic 
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term for a large group of aromatic polymers and is composed of p-hydroxyphenyl, 
guaiacyl and syringyl units [32].  
 
Figs. 2-2 to 2-4 illustrate the structures of cellulose, hemicellulose and lignin, 
respectively. From these figures, it can be seen that the monomer of cellulose and 
hemicellulose is a saccharide, and does not contain an aromatic functional group. On 
the contrary, the lignin fraction of the biomass is aromatic. Therefore, lignin represents 








Fig. 2-3. Partial structure of hemicellulose [35]. 






Fig. 2-4. Building units in lignin [36]. 
 
During the thermochemical conversion, cellulose and hemicellulose and lignin behave 
very differently in terms of their thermal stability. Cellulose starts to decompose 
between 300°C and 400°C. Hemicellulose is decomposed in a way similar to cellulose. 
However, the hemicellulose has a lower thermal stability than cellulose; it decomposes 
between 220°C and 320°C. Cellulose and hemicellulose compounds have the structure 
of branching chain of polysaccharides, which consist more C=O, OH and C-O 
functional group. Therefore, both cellulose and hemicellulose are easily volatilized [37]. 
However, lignin is thermally more stable than cellulose and hemicellulose, due to the 
strong stretching of functional groups, such as C-O-C, methoxyl-O-CH3, and aromatic 
structural units in lignin [38]. Consequently, lignin is the most difficult to decompose 
among the three biomass components. Lignin does not decompose completely even 
temperatures above 700°C [39]. 
 
In summary, different types of biomass have different elemental and chemical 
compositions, and molecular structures, therefore, behave differently upon heating. It 
is important to understand the mechanisms and pathways in thermochemical conversion, 
which significantly affect product yields and compositions. 
 
2.2. Biomass steam gasification in a dual fluidised bed gasifier 
Biomass can be converted into useful energy products including heat, power, and 
gaseous and liquid fuels using the thermochemical conversion technologies. These 
technologies include gasification, pyrolysis, liquefaction and combustion. However, 
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biomass feedstock often contains 40 wt.% oxygen which is much higher than that of 
fossil crude oil, coal and natural gas which only have an oxygen content of less than 5 
wt.%. Hence, biomass has a low heating value and low energy density which 
contributes to low efficiency in thermochemical conversion. 
 
Biomass gasification is believed to one of the most promising technologies in which 
oxygen hetero-atom removal occurs most readily by dehydration and decarboxylation 
by heat [40]. In this way, oxygen is removed while gaseous product, producer gas, is 
generated which consists of hydrogen (H2), carbon monoxide (CO), carbon dioxide 
(CO2) and methane (CH4).  
 
2.2.1. Gasification agent 
Gasification is a complex thermochemical process in which a carbonaceous solid fuel 
(coal, biomass) is converted into a gaseous product (producer gas) at high temperatures, 
typically in the range 700-1100°C and in the presence of a gasification agent (air or 
steam) [41]. The key advantage of gasification is the high energy efficiency of 70-80% 
[42]. Moreover, producer gas from gasification has flexibility for applications: 
production of heat and power, and as feedstock for synthesis of fuels and chemicals. 
 
When steam is used as the gasification agent, biomass gasification can generate a 
hydrogen-rich (up to 60 vol.%) producer gas with higher calorific values of 13-20 
MJ/Nm3 than the producer gases using air as gasification agents [43]. Moreover, a 
nitrogen-free syngas can be generated with steam as gasification agent [44]. In 
comparison with oxygen as gasification agent, the steam is much cheaper. However, 
unlike air-blown or oxygen-blown gasification (heat is generated directly by partial 
oxidation in the gasifier itself); steam-blown gasification reaction in overall are 
endothermic, and thus the steam gasification requires an external heat [45]. 
 
2.2.2. Fluidised bed gasifier 
The fluidised bed (FB) gasifier is an alternative biomass gasification technology. FB 
gasifiers provide excellent mixing and gas-solid contact which enhance the reaction 
rate and conversion efficiencies. In the FB gasifier, gas (gasification agent) is blown 
through a bed of solid particles at a sufficient velocity to keep the particles suspended. 
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The fluidisation regimes vary with gas velocity and properties of the solid particle (such 
as density and particle size) as illustrated in Fig. 2-5 [46]. As given solid particles, with 
an increase in gas velocity, the fluidisation regime changes from fixed bed, through 
bubbling fluidisation, turbulent fluidisation to fast circulating fluidisation and 
eventually pneumatic transportation. 
 
 
Fig. 2-5. Flow regime map for gas-solids fluidisation [47]. 
 
The DFB gasification with steam as the gasification agent is believed to be a promising 
conversion technology [48]. This system consists of two separate reactors: one for 
steam biomass gasification to generate a producer gas, and the other for char 
combustion with air to external heat for the endothermic steam gasification. By 
application of the fluidisation knowledge, the bubbling fluidised bed (BFB) can be used 
as a gasifier to provide a high rate of heat transfer between bed materials and biomass, 
resulting in a nearly uniform temperature distribution throughout the reactor [49]. The 
other reactor, termed as fast fluidised bed (FFB), used as a combustor, in which the 
injected air and the flue gas at sufficiently high velocity carry the solid particles (bed 
material) upward to the top of the reactor. Then the hot bed materials are flown out of 
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the FFB reactor and separated from the flue gas in a cyclone before being delivered 
back to the BFB reactor for heat supply [50, 51]. Therefore, DFB steam gasifier has the 
advantages for producing a nitrogen-free producer gas and low-temperature operation 
[52].  
 
2.2.3. Mechanisms of steam gasification 
As feedstock proceeds through a DFB gasifier, the gasification reactions that may occur 
sequentially or simultaneously can be considered as a three-stage process in BFB. The 
gasification reaction formulae in every stage are listed in Table 2-5. In these reactions, 
the standard enthalpies for the reaction are all at the standard temperature of 298K. 
 
Three stages of steam gasification of biomass 
 
• Initial drying: drying occurs at about 100-200°C when moisture in the biomass is 
removed by vaporisation.  
• Devolatilization: it occurs at 300-500°C. In this stage, biomass is decomposed into 
solid char, volatiles and a few unsaturated hydrocarbons, e.g., tar. The volatiles 
contains a mixture gas of H2, CO, CO2, CH4 and other longer molecular weight 
hydrocarbons. The char is the residual solids mainly comprised of solid carbon [53]. 
• Steam Gasification at a temperature above 500°C: it consists of the homogeneous 
reactions (among gases and steam) and heterogeneous reactions (among char and 
gases as well as steam). The heterogeneous reactions include steam-char 
gasification, Boudouard reaction and Methanation reaction. The homogeneous 










Table 2-4. A list of gasification reactions and the reaction enthalpies [54]. 
Reaction names Reaction formulae 
Drying 
Moist feedstock + Heat →  Dry feedstock + H2O 
(vapour) 
 
Devolatilization  Biomass → Gas (H2, CH4, CO2, CO) + char + tar        (2-1) 
Gasification reactions 
Steam char reaction 
molkJHCOOHC /4.13122 −+→+                  (2-2) 
molkJHCOOHC /2.902 222 −+→+                    (2-3) 
Boudouard reaction molkJCOCOC /6.17222 −→+                                   (2-4) 
Methanation reaction 




molkJHCOOHCO /2.41222 ++↔+                       (2-6) 
Steam methane 
reforming reaction 
















2.3. Fundamental of tar formation and removal 
In biomass gasification, tar formation and presence in the producer gas are the major 
technical problem. Tar is a highly viscous liquid mixture with a dark colour which is 
an unavoidable by-product of the biomass gasification. Tar condenses or polymerises 
into more complex structures with time and with cooling down, which causes 
operational problems by blocking equipment, such as, pump, filter and engine. In order 
to develop efficient and low cost technologies to remove tar from the producer gas, 
fundamental understanding of the tar formation during biomass gasification is 
important. Accordingly, optimum operation conditions can be proposed both for 
gasification process and downstream gas cleaning process to reduce and eliminate the 
tar in the producer gas. 
 
2.3.1. Tar definition and classification  
Tar can be described a mixture of a number of organic compounds. Due to the 
complexity of tar compounds, various definitions have been reported. A study by Milne 
et al. [55] reported that tar is the aromatic organics in the producer gas from gasification. 
Other authors described that tar is a complex mixture of condensable hydrocarbons [56]. 
While in the meeting of the IEA Bioenergy Gasification Task in 1998, tar is defined as 
hydrocarbons with molecular weight higher than benzene [57]. In order to study the tar 
conversion process and formation mechanisms, classification of tar compounds have 
been proposed depending on the chemical structure, molecular weight and 
condensation behaviour. There are two types of tar classifications in the literature which 
have been widely cited. 
 
The first classification was reported by Evans and Milne [58] who classified tar into 
four groups as given in Table 2-5. Class 1 is the primary tar which is directly from the 
decomposition of cellulose, hemicellulose and lignin. Class 2 is the secondary tar which 
is marked by phenolics and olefins. Class 3 is the tertiary tar which is methyl derivatives 
of aromatic compounds. Class 4 is the condensed tertiary tar which is poly aromatic 
hydrocarbon without a substituent.  
 
A more commonly accepted classification of tar was proposed by Energy Research 
Center of The Netherlands (ECN) [59]. In this report, tar compounds can be classified 
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into five classes based on the molecular weight which is also described in Table 2-6. 
Class 1 tar refers to GC-undetectable compounds. However, its impact is insignificant 
due to the low concentrations. Therefore, in virtually all reports. Class 1 tar compounds 
are ignored. Class 2 tar refers to heterocyclic compounds (containing N and O atoms) 
that generally have high water solubility, such as phenol and cresol as shown in Table 
2-7. Class 3 tar includes 1-ring aromatic compounds, e.g. xylene and toluene. Table 2-
8 lists class 3 tar compounds. Class 4 tar refers to 2-3 ring PAH compounds, such as 
naphthalene and phenanthrene as shown in Table 2-9. Class 5 includes higher PAH 
compounds, that is, 4-7 ring aromatic compounds. Table 2-10 presents the chemical 
structure and molecular formulae of class 5 tar compound.  
 
Table 2-5. Description of tar compounds and their classification. 
Classification 1 [58] 
Primary Products derived from the fuel thermal cleavage; levoglucosan, furfurals, guaiacols 
Secondary Phenols and olefins 
Tertiary Alkyl-aromatics 
Condensed-tertiary Poly-aromatic hydrocarbons (PAH) 
 
Classification 2 [59] 
Class-1 tar  GC no detectable 
Class-2 tar - Heterocyclic Tar containing hetero atoms: highly water soluble compounds 
Class-3 tar - Light aromatic 
 (1 ring) 
do not pose a problem regarding 
condensability and solubility 
Class-4 - Light PAH compounds  
(2-3 rings) 
condense at low temperature even at very 
low concentration 
Class-5 - Heavy PAH compounds 
(4-7 rings) 







Table 2-6. Class 2 tar compounds based on ECN classification method. 



















Table 2-7. Class 3 tar compounds based on ECN classification method. 


















































Table 2-9. Class 5 tar compounds based on ECN classification method. 



































Dew point of tar compounds is an important thermodynamic property which indicates 
when tar starts to condense and may become problematic [60]. For the operational 
purpose, it is useful to know the tar dew point to prevent potential fouling. ECN 
developed a model for calculation of tar dew points of various tar compounds based on 
their concentrations in the producer gas [61]. From the simulation results as shown in 
Fig. 2-6, it is found that the dew points of most tar compounds in the producer gas are 
between 150 and 250°C. From Fig. 2-6, it can be seen that the tar compounds with 1 or 
2 aromatic rings like phenol or naphthalene have lower tar dew points, whereas the 
compounds with 3 and more aromatic rings have higher dew point [62] which are more 
important for consideration. Therefore, the tar issue is mainly determined by the heavy 
PAHs and their concentration [63]. 
 
 
Fig. 2-6. Dew points of various tar compounds [62]. 
 
2.3.2. Tar formation and conversion during biomass gasification 
Tar is formed during biomass gasification with a series of complex reactions. It is also 
highly dependent on the reaction conditions, especially reaction temperature, residence 
time and gasification agent. Therefore, a number of studies have been reported on tar 




Based on the present literature reviews, it is found that in the temperature range from 
200°C to 500°C, the biomass breaks down through depolymerisation, which consists of 
various bond breaking between the monomer units in cellulose, hemicellulose and 
lignin, into primary tar [64]. This primary tar formation is not avoidable. Evans and 
Milne [65] described the distribution of four tar classes which are formed at a different 
temperature from 500 – 1000 °C as shown in Fig. 2-7. At 500°C, the primary tar 
compounds formed at a lower temperature start to decompose into smaller, lighter non-
condensable gases and a series of secondary tar compounds. When temperature 
increased above 500°C, the formation of secondary tar increases significantly until 
750°C. With further increase in temperature, the secondary tar concentration is 
decreased indicating decomposition of the secondary tar compounds. The formation of 
secondary tar proceeds through breakage and decarboxylation of the primary tar 
compounds. The subsequent decomposition of the secondary tar compounds above 
750°C is explained by (1) direct combination of two aromatic species producing a dimer; 
and (2) addition of light unsaturated hydrocarbon to aromatic rings for PAH formation 
and growth. Therefore, tertiary tar compounds consisting of aromatics are formed at 
temperatures of around 750°C and their concentrations increase with temperature up to 
1000°C [66].  
 
 
Fig. 2-7. The distribution of four tar class compounds as a function of temperature from 




Elliott [67] also proposed a concept on the evolution of tar compounds from primary 
tar to phenolic compounds and then to poly-aromatic hydrocarbons (PAH) with 
increasing temperature. Fig. 2-8 presents the tar evolution scheme with temperatures 
increase from 400 to 900°C. From the figure, it is observed that at a temperature less 
than 400°C, the main tar compounds are oxygenated hydrocarbon from biomass 
decomposition. With temperatures increase, the oxygenated hydrocarbons are 
converted into phenolic containing hydrocarbon. Finally, higher hydrocarbons and 
larger PAHs in tertiary are formed at 900°C. It is also seen from the figure that more 
stable aromatic hydrocarbons are formed with the increase in temperature to above 
800°C. Therefore, the temperature is the key factor for tar distribution. 
 
 
Fig. 2-8. Evolution scheme of tar compounds proposed by Elliott [68]. 
  
In a separate study, Font Palma [69] proposed the mechanism for tar formation in which 
lignin units in the biomass, namely vanillin (C8H8O3), guaiacol (C7H8O2), and catechol 
(C6H6O2), are assumed to be precursors for the formation of various tar compounds. 
This mechanism is illustrated in Fig. 2-9 from which it can be seen that the lignin units 
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are firstly decomposed into primary tar compounds containing a large number of 
oxygen-containing hydrocarbons. After this, the secondary tar compounds consisting 
of the single aromatic ring, such as benzene and phenol, are formed through the 
dealkylation and decarboxylation reactions. Finally, the tertiary tar compounds with 2 
to 4 aromatic rings are produced. 
 
Fig. 2-9. Proposed mechanism for formation of primary, secondary and tertiary tar 
compounds by Font Palma [69]. 
 
From above discussion, tar formation during biomass gasification comprises sequential 
steps. In the initial devolatilization or pyrolysis process, biomass components (largely 
lignin units) are decomposed to produce oxygen-containing compounds which are 
termed as primary tar such as acetaldehyde, hydroxypropanone and acetic acid [70]. 
With increases in temperature, the oxygen-containing compounds (for example phenol) 
are converted to aromatic compounds (benzene and toluene) and then higher molecular 
weight compounds, such as naphthalene in steam gasification [71]. Finally, at 
temperatures of 900°C or above, most oxygen-containing tar compounds were cracked, 




In order to verify the above proposed mechanisms of tar formation and conversion, 
experiments have been carried out to build a reaction pathway and to explore the 
thermal cracking of tar compounds [63]. In these experimental studies, model tar 
compounds are commonly selected. For example, toluene [73-75] and naphthalene [71, 
76, 77] were chosen, respectively, as the secondary and tertiary tar compounds. Toluene 
is a good representative tar compound because it represents a stable aromatic structure 
found in tars formed during high temperature biomass gasification. Naphthalene is a 2-
ring PAH that is very difficult to crack in comparison to other tertiary tar compounds 
and is the main species found in tertiary tar. In the study of Zhao et al. [78], steam 
reforming of toluene was used in experiments with a fixed bed reactor from 750°C to 
900°C. It was found that the toluene was effectively reformed to form benzene and 
naphthalene. However, the concentration of naphthalene decreased while that of 
benzene increased with increase in temperatures.  
 
In a sperate study, Zhou et al. [79] conducted experiments on pyrolysis of xylan 
(commonly representative of hemicellulose) and lignin in a fixed bed furnace at 800 °C. 
They found that lignin generated more PAH in which naphthalene was the most 
abundant although 1-methylnaphthalene and 2-methylnaphthalene were also detected. 
 
Zhai et al.[80] conducted experiments on high temperature (700 - 1300°C) pyrolysis of 
rice husk and tar cracking in a two-stage pyrolysis system. It was found that the content 
of oxy-organics in the pyrolysis gas reached 24.5% for pyrolysis temperature of 700 °C, 
and these compounds were almost completely cracked at 1100°C. However, the content 
of naphthalene was significantly low at 700 °C, but reached to the maximum of 26.4% 
at 800 °C. With further increase in temperature, The content of naphthalene decreased 
and virtually disappeared at 1200 °C. The content of fluorene is was non-detectable at 
700 °C, and then increased gradually with temperature until 1000 °C from which its 
content increased significantly.  
 
Yu et al. [81] compared the tar formation in gasification of individual biomass 
component, cellulose, hemicellulose and lignin in an entrained flow gasifier. The results 
from this study indicated that the tar yields of the three components all decreased with 





2.3.3. Reactions of tar formation and decomposition 
From the above discussion, tar compounds are formed through a series of complex 
thermochemical reactions such as depolymerisation, oxidation, repolymerisation, and 
cycloaddition. These reactions may be divided into two groups of “tar cracking” and 
“PAH tar polymerisation” [82].  
 
• Tar cracking reactions 
Some tar compounds can be cracked at high temperatures, or reformed in reaction with 
gaseous species including gasification agent during gasification. With the thermal 
cracking of tar compounds, the tar compounds are converted or cracked into lighter 
gaseous species [83]. Li and Suzuki [84] and Devi and Janssen [76] have listed possible 
reactions for tar cracking and reforming 
 
Thermal cracking 2rHHqCHpC yxnm +↔  
Steam reforming 22 )2
( HnmmCOOmHHC nm ++↔+  
Dry reforming 22 )2
(2 HnmCOmCOHC nm +↔+  
Carbon formation 2)2
( HnmCHC nm +↔  
Partial oxidation 22 )2
(
2
HnmCOOmHC nm +↔+  
Where nmHC   represents tar which can be a mixture of several individual tar 
compounds and yxHC  represents hydrocarbons with carbon number less than nmHC . 
 
In a separate study, Jess [85] presented a simple reaction scheme of thermal 
decomposition of aromatic hydrocarbon (naphthalene and toluene were used as tar 
samples) as shown in Fig. 2-10. Based on this scheme, naphthalene and toluene are 
firstly transformed to benzene with the presence of hydrogen and steam. Then the 
benzene is transformed to lighter molecules gas (CO, H2, and CH4). In the meantime, 






Fig. 2-10. Reaction scheme of thermal conversion of PAH (naphthalene and toluene) 
in the presence of hydrogen and steam [86]. 
 
• Mechanism of PAH tar formation 
During biomass gasification, a series of tar cracking reaction as described above lead 
to decreasing concentration of the primary and secondary tar compounds, which are 
decomposed into light gas components (such as CO, H2 and CH4) and small 
hydrocarbons (benzene). Although the total tar concentration in the producer gas 
decreases with increasing gasification temperature, the radicals from the tar 
decomposition contribute to ring-growth reactions, leading to the formation of larger 
PAH tar compounds. The PAH tar compounds have relatively high tar dew points even 
at low concentrations, resulting in condensation at relatively high temperatures. 
Therefore, it is important to understand the mechanisms of PAH tar formation and thus 
to find effective gas cleaning method. Based on previous studies [87, 88], the growth 
of aromatics to higher molecular PAH compounds can be explained by three pathways: 
 
1. Dealkylation and decarboxylation: It states that the aromaticity of the tar mixture is 
promoted by the cleavage of alkyl groups attached to the aromatic rings from which the 
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intact aromatic ring is formed. Fig. 2-11 illustrates the cleavage of methyl from toluene 




Fig. 2-11. Reactions of Dealkylation and decarboxylation. 
 
2. Dimerization reactions of two PAH compounds: This mechanism is a direct 
combination of intact aromatic rings, resulting in the large PAH tar compounds, for 
example, three different reactions on dimerization as shown in Fig. 2-12. There are three 
possible combination reactions: (1) the biphenyl formation by the combination of two 
benzene ring, (2) the naphthalene formation from two cyclopentadienyl radicals; and 








3. Cyclisation or hydrogen abstraction acetylene addition (HACA) mechanism: 
Aromatic rings grow by hydrogen abstraction, which activates the aromatic molecules, 
and acetylene addition, which propagates molecular growth by cyclisation [89]. Fig. 2-
13 shows the formation of naphthalene and phenanthrene from benzene and biphenyl 




Fig. 2-13. Reactions of cyclisation. 
 
In all three reaction pathways, it is suggested that the radical reaction plays a vital role 
in the tar formation [90]. The main steps in the radical reaction are (1) radical forming 
reactions by the breaking of chemical bonds, (2) propagation reactions through the 
formation of new chemical bonds, and (3) hydrogen transfer. 
 
2.3.4. Tar removal technologies  
Extensive studies have been reported on developing technologies for tar reduction and 
removal which can be classified into two categories: primary methods and secondary 
methods [91].The primary methods for reducing the tar content in the producer gas 
during the gasification process and the methods include optimisation of the gasifier 
design and the gasification operation conditions and addition of catalytic bed materials. 
It has been reported that catalytic cracking and thermal cracking in high-temperature 
gasification exhibit effective tar reduction. The secondary methods are those applied in 
the downstream of gasification including cyclone and filters separation of particulate 




Thermal cracking of tar is a process in which tar is converted and cracked into lighter 
gaseous species at high temperature in which the operation temperature has the most 
significant effect [93]. This principle applies to both the primary and the secondary tar 
removal methods. In biomass gasification, higher temperatures lead to a lower of tar 
concentration in the producer gas [94]. In steam biomass gasification, the effect of 
operation temperature on tar concentration reduction in the producer gas is a non-linear 
trend as reported by Hernández et al. [95]. From this report, the reduction of tar content 
was significant when increasing the temperature from 750°C to 1050°C whereas the 
reduction of tar content was less noticeable with a further increase in the gasification 
temperature above 1050°C. 
 
The use of catalytic bed materials during biomass gasification can facilitate tar 
reduction reactions in the gasifier [96]. These catalytic bed materials include Ni-based 
catalysts, limestone/dolomite, olivine and iron catalysts. Most of these catalysts are 
relatively inexpensive and readily available. It is found that the use of catalytic bed 
materials not only reduces the tar yield but also influences the gas composition [97]. 
Calcium rich catalytic bed materials such as limestone and dolomite promote the 
exothermic water gas shift reaction, which increases the hydrogen and carbon dioxide 
content of the producer gas while the carbon monoxide content is decreased [98]. Saw 
and Pang [99] reported that the loading of calcite as the bed material in a dual fluidised 
bed gasifier decreased the tar concentration by 91%. Similar results have also been 
reported in other studies [100]. Alarcón et al. [101] investigated the catalytic activity of 
CaO and MgO for steam gasification of naphthalene in a laboratory scale reactor. From 
this study, catalytic synergy was found with CaO and MgO blends. The highest carbon 
conversion of 79% was achieved by using a mixture of 10% CaO and 90% MgO, 
compared to pure MgO and CaO with which the carbon conversion was 54% and 62%, 
respectively. 
 
An alternative catalytic bed material which is naturally occurring olivine sand, which 
is a mineral containing magnesium, iron oxide and silica. Olivine is advantageous due 
to its higher attrition resistance than that of dolomite/limestone. The catalytic effect of 
olivine on the tar reduction has been studied [102-104]. In the study of Naqvi et al. 
[105], the total tar content was reduced by 40% in the dual bed steam gasification with 
pre-treated olivine. Tursun et al. [106] reported that lower tar concentration (7.8g/Nm3) 
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with olivine sand were achieved in comparison to that with non-catalytic silica sand as 
bed material (25.3g/Nm3). 
 
Wet scrubbing technology uses water or another solvent to absorb tar compounds from 
the producer gas. Although wet scrubbing method is effective in removing tar, post 
treatment of tar-contaminating solvent is complicated and may expose environmental 
issues. However, recent studies using bio-diesel and another organic solvent (rapeseed 
oil) have shown promising results. By using bio-diesel and an organic solvent, tar laden 
bio-diesel or organic solvent can be utilised as fuel or recycled. Phuphuakrat et al. [107] 
investigated the tar removal performance of various solvents including water, vegetable 
oil, fossil fuel derived oils (engine oil and diesel) and the efficiency of the tar removal 
are in the order of vegetable oil > engine oil > water > diesel fuel. The successful oil 
based gas cleaning system developed at ECN is OLGA [108, 109].  
 
2.4. Conclusion  
2.4.1. Summary of literature review 
Biomass as a renewable energy resource can be processed through various pathways 
including physical, thermal and biological conversion for future generation of heat, 
power, gaseous and liquid fuels and chemical feedstock. Among these conversion 
technologies, gasification is one of the promising thermochemical processes. Biomass 
gasification converts biomass into a producer gas at high temperatures (700-1100°C) 
and in the presence of a gasification agent. Biomass gasification is a complicated 
process, which mainly contains three stages: drying, initial devolatilization and 
gasification reaction. The product yields and compositions from biomass gasification 
depend on many factors, which include various physical and chemical characterizations 
of biomass sources, gasification agent type (air or steam), gasifier design and operating 
conditions. In order to obtain a hydrogen-rich producer gas, a 100kW dual fluidised bed 
(DFB) steam gasifier has been designed, constructed and tested in past 10 years. 
However, during the biomass gasification, tar formation and presence in the producer 
gas are the major technical issues, which causes operational problems by blocking 
downstream equipment. Therefore, it is important to investigate and understand the 




2.4.2. Knowledge gap and research motivation  
Up to now, tar production (composition and yield) from biomass gasification have been 
investigated and reported in many studies. However, there is still a lack of knowledge 
on tar production and tar conversion.  
 
Firstly, only a few studies reported tar production in initial devolatilization stage of the 
gasification process, especially the aromatic tar formation mechanism, which is useful 
to understand the tar conversion and transformation during biomass gasification. 
Furthermore, no relation between initial devolatilization and final gasification on the 
tar and gas production has been previously established. 
 
Secondly, despite the numerous studies on tar formation in the biomass gasification [85, 
110, 111], they have selected only one or two tar compounds as the model tar, which 
were converted in a readily controlled reactor (TGA or bench scale reactor), allowing 
for tracking the decomposition process and determination of the conversion kinetics. 
This method is simple and accurate, but the interaction among the different tar 
compounds is neglected. Therefore, it is necessary to test the production and conversion 
of tar compounds generated from complete biomass decomposition, which enables 
determination of more realistic tar formation and conversion during the whole process. 
 
Finally, the DFB technology is highly qualified for scale-up and commercialisation of 
biomass gasification. Up to now, few studies on the tar production and formation in the 
DFB gasifier have been found [112, 113]. Gathering the experimental data relating the 
operating variations to the concentration and composition of the tar compounds in the 
producer gas in the 100kW DFB gasifier in CAPE can highly support the scale-up of 
the gasifier and provide the useful information for the development of downstream gas 
cleaning system. 
 
In order to fill these gaps, biomass devolatilization will independently be conducted on 
in the 100kW DFB gasifier, where N2 instead of steam was used as fluidisation agent, 
to investigate the tar and gas production. The results contribute to better assess the 





At the same time, examining the operating conditions and biomass species in the DFB 
gasifier on the tar formation and conversions can provide the necessary knowledge to 
relate the experimental variations to the reduction of tar content in the producer gas. 
Finally, the catalytic effects of bed materials used on tar cracking in the DFB gasifier 
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Chapter 3. Experiment Setup and Methodology 
In this chapter, a 100kw dual fluidised bed (DFB) gasifier for steam gasification which 
was used in this PhD project is described. Methods of gas sampling and tar sampling 
from this gasifier system and analysis techniques are introduced. 
 
3.1. Introduction 
A 100kW dual fluidised bed (DFB) steam gasifier as shown in Fig. 3-1 has been 
constructed at the University of Canterbury (UoC) [1, 2], and experiments have been 
conducted by the Bioenergy Research Team in the Department of Chemical and Process 
Engineering (CAPE) [3-7]. This gasifier consists of a bubbling fluidised bed (BFB) 
column and a fast fluidised bed (FFB) column. BFB column is the gasification reactor 
and has an internal diameter of 0.2 m with a height of 2 m. FFB column, which is the 
combustion reactor has an inner diameter of 0.1 m and length of 3.7 m. 
 
 




As steam gasification is an endothermic process, heat is provided by circulating bed 
material which is heated in the FFB column by combustion of chars generated from the 
biomass gasification in the BFB column [5]. 
 
Fig. 3-2 presents the schematic diagram of the 100kW DFB steam gasifier used in the 
present study. During the gasification experiments, solid fuels (biomass) are fed via a 
screw auger from the fuel hopper into the BFB bed, approximately 0.13 m above the 
BFB base. 5 L/min of N2 as a purge gas is introduced into the fuel hopper to prevent 
the undesired back flow of the producer gas from BFB into the feeder throughout the 
experiment, which is corresponded to 1%-2% of the producer gas yield [4]. 
 
Steam as the gasification agent and the fluidising agent is injected from the BFB bottom 
at 350°C and 6 bars (gauge) which is supplied by a boiler and super-heated by the 
tracing heating elements. Producer gas generated from the steam gasification flows out 
of BFB column at the top of the column. As some fine particles of char, ash and fine 
bed materials entrained are entrained in the producer gas; the producer gas flows to the 
BFB cyclone for separation of these particles [6]. 
 
In the BFB column, the solid char generated from the gasification process moves 
together with the bed material from the BFB column bottom to the FFB column through 
an inclined chute. In the FFB column, air is introduced from the FFB bottom for char 
combustion to heat up the bed material. The air to the FFB column is supplied by a 50 
HP roots blower and a compressor. The primary air is injected at the base of the FFB 
and is also used to fluidise the solid material for it to be in good contact with secondary 
combustion air, which is introduced 0.2 m above the primary air nozzles. In initial 
heating start-up stages and in most of the gasification experiments supplementary 
liquefied petroleum gas (LPG) is introduced into the FFB reactor to achieve required 
gasification temperature, contributing heat of equivalent to 40-50kW [3]. 
 
The heated bed material in FFB column is carried upwards by the flue gas and, 
eventually, the flue gas and the bed materials flow out of the FFB column into the FFB 
cyclone, where the bed material is separated from the flue gas. Finally, the hot bed 
material is delivered back to the BFB through a siphon to provide heat for the 
endothermic gasification reactions. The flue gas flows out of the FFB cyclone and then 
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through a heat exchanger for heating up of the steam for gasification and air for 
combustion, it can increase the overall efficiency of DFB gasifier by heat recovery. 
 
Both the chute and the siphon are fluidised with the superheated steam to enhance the 











































































3.2. Operation and parameter setup 
3.2.1. Operating procedure 
Before each experimental run, the entire gasifier system was cleaned to ensure that there 
were no blockages in pipes and in the two reactors. Both the BFB base and the FFB 
base were removed, and any remaining bed material from the previous run was removed 
and weighed to check the bed material loss in the previous experiment. In addition, 
chars left in the bed material were separated if the bed material was to be re-used. 
Connection tubes for pressure sensors were flushed with compressed air to ensure that 
they were not blocked with foreign material. 
 
If a different type of solid fuel was used, any residual solid fuel in the fuel hopper was 
removed. The variable speed drive on the feed-hopper auger was calibrated to 
determine the speed at a specified mass flow rate of the solid feeding fuel. This 
calibration was done by running the auger at four different speeds for five minutes and 
measuring the weight of the solid fuel collected at the bottom of the BFB column. The 
calibration of feeding rate for testing biomass species is shown in Appendix A. The 
mass flow rate was changed if the steam to biomass ratio was varied during gasification 
as the steam feeding ratio was fixed. 
 
At the start of the each run, approximately 10 kg of bed material was introduced to the 
FFB column. Then both columns were heated up by combustion of LPG with air in the 
FFB column with a circulation of heated bed material. Air as a fluidisation agent was 
injected, respectively, to the bottom of BFB column, to the chute and to the siphon for 
the promotion of the bed material circulation between the FFB and BFB columns. After 
the target temperatures in both columns had been reached, additional 20 kg of bed 
material was added to the FFB column through the bed material charger. Once the 
temperature was stabilized, the air supply to the BFB, the chute and the siphon was 
gradually changed over to steam. The steam feeding rates to these three locations were 
set at 7.0, 2.0 and 1.5 kg/h, respectively, and these flow rates were maintained constant 
during the experiments. Steam is supplied by a separated diesel boiler and super-heated 
by the tracing heating elements to maintain at 350°C and 6 bars (gauge). The screw 
feeder of the solid fuel was turned on for steam biomass gasification. The feeding rate 
of solid fuel was varied depending on the pre-set steam to biomass (S/B) ratio and the 
56 
 
moisture content in the fuel. The S/B ratio in the present study for steam was calculated 
according to Eq. (3-1) in which the steam includes both the fed steam into the system 
and the water in the fed solid fuel. 
 
S/B = ?̇?𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠+?̇?𝑚𝑠𝑠𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑠𝑠 𝑚𝑚𝑖𝑖 𝑏𝑏𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
?̇?𝑚𝑑𝑑𝑚𝑚𝑑𝑑 𝑏𝑏𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
                                                                                        (3-1) 
 
In the experiments, the flow rate of supplementary LPG supplied to the FFB was 
adjustable to achieve the required temperature in the BFB column during the 
gasification. The test conditions were kept constant for 30 minutes to reach a steady 
state. Then, producer gas samples were taken and analysed during the gasification 
experiments which details will be present later in this chapter. 
 
When the experiments were completed, the screw feeder of the solid fuel was turned 
off, while the supplementary LPG to the FFB was also shut down. While the BFB and 
the FFB columns were cooling down, the steam supply to the BFB, the chute and the 
siphon, as well as the air supply to the FFB, was gradually turned off. When the 
temperatures within the two columns were below 600 °C, the DFB gasifier system was 
allowed to cool down naturally. The full checklist of experiment procedure is shown in 
Appendix B. 
 
3.2.2. Fluidisation calculations 
As described early in Chapter 2, in BFB column, the gas flow rate is selected above the 
minimum fluidisation velocity but less than the terminal velocity to ensure that the solid 
fuel and bed material maintain bubbling fluidisation. The gas flow rate must be 
carefully selected so that the fine solid particles of ash, char and bed material are 
entrained and carried out of the BFB column by the producer gas. In the FFB column, 
the gas flow rate should be above the terminal velocity so that bed materials are carried 
up to the top of the FFB column and then to the FFB cyclone. 
 
Based on the flow regimes and gasifier configuration, the minimum fluidisation 
velocity and terminal velocity in the both BFB and FFB columns have been calculated 






(a) Terminal velocity, 𝑈𝑈𝑡𝑡 




                                                                                             (3-2) 
 
Where  
𝑔𝑔 is the gravity constant with a value of 9.81 m/s2;  
𝑑𝑑𝑝𝑝 is the diameter of particle, m; 
𝜌𝜌𝑝𝑝 is density of particle, kg/m3; 
𝜌𝜌𝑓𝑓 is density of fluid, kg/m3; 
𝐶𝐶𝐷𝐷 is drag coefficient 
 





                                                                                                         (3-3) 
 
Where  
𝑢𝑢 is superficial velocity (m/s), which is gas flow rate (m3/s) is divided by the cross 
sectional area of column (m2); 
𝜇𝜇 is viscosity of fluid, Pa·s,  
 
Base on the Reynolds number, the drag coefficient is calculated by the following 








� �1 + 0.14 × 𝑅𝑅𝑅𝑅𝑝𝑝0.7�                     0.1 < 𝑅𝑅𝑅𝑅𝑝𝑝 < 1000                                 (3-
5) 
 
(b) Minimum fluidisation velocity, 𝑈𝑈𝑚𝑚𝑓𝑓 











                                                                           (3-6) 
Where  
𝐴𝐴𝐴𝐴 is Archimedes number 
 




                                                                                              (3-7) 
 
Fig. 3-3 adapted from Kunii and Levenspiel [10] presents a fluidisation regime map of 
a particular gas-solid system.  In the figure, it can be seen four type of fluidisation 
behaviour by referring to the Geldart classification [11], they are cohesive (C), aeratable 
(A), sand-like (B), and spoutable (D). The curves of the minimum fluidisation velocity 
and terminal velocity are calculated through Eqs (3-1) to (3-7). Fig. 3-3 also point out 
the regimes of BFB and FFB for stable operation by dash line and dash-dot line, 
respectively. The boundaries of regimes depend on the dimensionless gas velocity, 𝑢𝑢∗ 
(m/s) and dimensionless particle, 𝑑𝑑𝑝𝑝∗  (m), which can be determined by Eqs. (3-8) and 
(3-9), respectively.  
 






                                                                                               (3-8) 
 





                                                                                           (3-9) 
 
Fig. 3-3 can be used to identify the operating parameters of bed materials in BFB and 
FFB columns. The fluidisation behaviours (dimensionless gas velocity and 
dimensionless particle) of silica sand as the bed material has been calculated at the 
practical conditions. The air flow at the temperature of 800°C in the BFB column and 
FFB column are given as an example. Three different particle sizes of 100, 300 and 900 
µm have been chosen for calculation, which represents the practical range of particle 
sizes of bed material. The calculated results are shown in Fig. 3-3 in which the 
rectangular dots and solid circle dots represents the fluidisation behaviours of silica 
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sand in BFB column and FFB column, respectively. Bed materials with a smaller 
particle size can be easily carried out from BFB column, while bed materials with larger 
particle sizes are difficult to be lifted up in the FFB column. The diagram in Fig. 3-3 
also shows that the small particles of chars and ash and broken bed materials can be 




Fig. 3-3. Fluidisation mapping for Silica sand. Adapted from Kunii and Levenspiel 
[10]. 
 
3.3. Sampling and analysis of product gas and tar 
3.3.1. Producer gas sampling and analysis 
During the gasification runs, producer gas samples were taken using a specially 
designed device from the sampling port at the top of the BFB column. Tar samples in 
the producer gas were also extracted from the gas sampling port in two 50-mL aliquots 
through a 3 mL Supelclean LC-NH2 solid phase extraction (SPE) column. During the 
sampling, the tar components in the producer gas were condensed and adsorbed on the 
silica gel base matrix in the SPE column for later extraction and analysis. This producer 





Fig. 3-4. Gas and tar sampling device.  
 
Each SPE column was pre-conditioned with 2 mL dichloromethane (DCM) before use 
to remove contaminants. The first 50-mL aliquot was extracted from the sampling line 
using a plastic sample syringe to flush out the air trapped in the syringe, then expelled. 
The second 50-mL aliquot was extracted in the same way and stored in the sample 
syringe, which was then sealed, removed from the sampling system and transported to 
an Agilent 3000 micro gas chromatography (GC) with a thermal conductivity detector 
(TCD) for producer gas analysis. H2, CO, CH4 and N2 were analysed with a 10 m × 
0.32 mm molecular sieve 5A Polt column with Ar as the carrier gas, while CO2, C2H4 
and C2H6 were analysed by an 8m × 0.32 mm Plot Q column with He as the carrier gas. 
 
3.3.2. tar extraction and analysis 
The tar extraction method was adopted from the study of Brage et al. [12]. In a similar 
way to gas sampling, tar adsorbed in the SPE column was extracted using a 0.1 mL of 
400 ppm n-dodecane as an internal standard and eluted with 0.9 mL DCM into a 2 mL 
vial to obtain aromatic and PAH components. The same SPE column was then eluted 
again with 0.1 mL of 400 ppm n-dodecane and 0.9 mL mixture of DCM and isopropanol 
(IPA) (1:1 v/v) to obtain the phenolic portion of the tar into a separate 2 mL vial. 
 
→ Second syringe  
 First syringe  
        ↓  SPE 




A Varian CP-3800 GC with a flame ionization detector (GC-FID) was used for the tar 
analysis, in which the tar samples were separated in a 50% phenyl and 50% 
dimethylpolysiloxane fused silica capillary column. The tar analysis methods were 
developed by Saw and Pang [6] and used in the present study to analyse determine the 
different tar species and their concentrations. The tar compound identification and 
classification used in the present study are shown in Table 3-1 following the work of 
Kiel et al. [13]. Class 1 tar compounds, which are non-detectable by GC-FID, are not 
included in this study as they condense at high temperature. 
 
In the tar analysis, the temperature of the injector and the FID was set at 300 °C. The 
flow rate of the carrier gas, helium, was set at 1 mL/min. Each tar sample of 1 μL was 
injected into the injector with an auto-sampler. To provide a good separation of the 
analytes, the column temperature was controlled with the following programme:  
 
(i) 50 °C hold for 1 min,  
(ii) 50 to 180 °C with a heating-up rate of 4 °C/min,  
(iii) 180 to 245 °C with a heating-up rate of 2.5 °C/min,  
(iv) 245 to 270 °C with a heating-up rate of 2 °C/min, and then hold at 270 °C 
for 10 min, 
(v) 270 to 350 °C with a heating-up rate of 8 °C/min and then hold at 350 °C 
for 5 min.  
 
Before the tar analysis, an IS calibration was conducted with the same column 
conditions as described above to obtain the response factor for each tar standard relative 
to the IS of 40 ppm. The Five different concentrations were prepared and analysed, and 
each concentration was measured three times. Fig. 3-5 shows the peaks of each tar 
species in 50 ppm tar standard solution with 40 ppm IS. The retention time of each tar 
species is listed in Table 3-1 following the tar classification system proposed by Kiel et 
al. [13]. The detailed operation, sample preparation and sample analysis are recorded 
in Appendix C. 
 
It is noticeable that tar composition, as discussed in Chapter 2.3, strongly depends on 
the operating conditions of the process where they are produced. Although the tar 
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mixture in the gas contains a fraction of GC-undetectable tar compounds, such as 
primary heteroatomic tar compounds, which would condense at ambient temperature. 
The most of tar compounds produced at temperature between 700 and 1000ºC is 
aromatic hydrocarbon. Therefore, in this study, at the testing conditions, the impact of 
GC-undetectable tar is insignificant due to the low concentrations and thus, Class 1 tar 
compounds are ignored. 
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Fig. 3-5. GC results of 40 ppm standard tar sample with 40 ppm IS.  
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Table 3-1. The classification of tar compounds detected in the present study according 
to Kiel et al. [13]. 






















 (1 ring) 
Toluene 3.14 





































3.4. Analysis of experimental errors 
The accuracies of gas and tar measurements are critical for this study. These 
measurements are determined by many operating parameters (temperature, flow rate of 
steam, analytic instruments and so on), so that the deviations and fluctuation of the 
measurements are difficult to avoid. In order to minimise this impact, the results 
presented in this study are an average value of, at least, three different measurements 
conducted in the same operating conditions is applied. The uncertainty of 
measurements are defined by from Eq. (3-10) to Eq. (3-12) [14]: 
 




, where n is the number of measurements made                 (3-10) 
 deviation = 
∑ |𝑥𝑥𝑖𝑖−𝑚𝑚𝑅𝑅𝑚𝑚𝑛𝑛|𝑚𝑚=𝑖𝑖𝑚𝑚=1
𝑛𝑛
                                                                          (3-11) 
 Error percentage = 
𝐷𝐷𝑅𝑅𝑏𝑏𝐷𝐷𝑚𝑚𝑡𝑡𝐷𝐷𝐷𝐷𝑛𝑛
𝑀𝑀𝑅𝑅𝑚𝑚𝑛𝑛





In addition, the error propagation from gasifier system, sampling and analytic 
instruments on the gas and tar production is also unavoidable, a certain margin of error 
on the gas and tar production should be allowed. The limitation of error margin has 
been stated in Table 3.5, which is calculated by the Eq. (3-13) [14]. If the error 
percentage of measurement in a trial exceeds the limitation, then this trial is rejected. 
 
Error propagation = � (𝑎𝑎2 + 𝑏𝑏2+𝑐𝑐2 + ⋯+ 𝑛𝑛2)                                                     (3-13) 
, where a, b, c, n represents error percent of individual item. 
 
Table 3-2. Limitation of error margin for gas measurement and tar measurement 
Gas production 
Items Measurement  Error percentage 
1. Bed material inventory 30 ± 0.1kg 0.3% 
2. BFB temperature 700 ± 5°C 0.7% 
3. Biomass feeding rate 16 ± 0.5 kg/h 3.1% 
4. Steam feeding rate 10.5 ± 0.3 kg/h 2.9% 
5. Helium flowrate 5 ± 0.1 l/min 2.0% 
6. Micro-GC analysis  1.0% 
Total uncertainty for gas production  4.9% 
   
Tar production 
Items Measurement Error percentage 
1. Gas production  4.9% 
2. Pipette injection 20 ± 0.01μl 0.2% 
3. Vial weight 2.345 ± 0.001g 0.1% 
4. Tar extraction  2.0% 
5. Syringe sampling 50 ± 2 ml 4.0% 
6. GC analysis  1.0% 
Total uncertainty for tar production  6.8% 
 
Note: The 100kW DFB gasifier plant have been repaired and modified in 2015 due to 
the Christchurch Earthquake, but the experimental results before and after the system 
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modification, which were preform at the same operating conditions, were within the 
error margin, as shown in Table 3-3.  
 
Table 3-3. Comparison the experimental data before and after the gasifier 







H2 % 29.9 30.7 1.3% 
CO % 36.6 36.3 0.4% 
CO2 % 18.0 16.7 3.7% 
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Chapter 4. Experimental investigation on tar formation from 
initial devolatilization to final gasification process 
This Chapter is based on a journal paper published in ‘Fuel 188 (2017) 628-635’. In 
this chapter, biomass devolatilization, which is the initial stage of steam gasification 
stage, was experimentally investigated in a 100kW dual fluidised bed gasifier. In the 
experiments, pellets of radiata pine wood were used as the feedstock, and silica sand 
was used as the bed material. The operation temperature was varied from 700 to 800°C, 
and the bed material inventory was 30kg. N2 was used as the fluidisation agent. The 
concentration of each gas component (H2, CO2, CO and CH4) and each tar class in the 
product gas was measured. The experimental results show that, in the devolatilization, 
gas yield was increased and tar yield and concentration was decreased with an increase 
in the operation temperature. Significant correlation was also observed on between the 
gas composition from the devolatilization stage and the final gasification producer gas. 
Correlations on tar concentrations and tar classes were also found for gases produced 
from the devolatilization and the subsequent gasification. The results provide important 
insight for understanding the mechanism of steam gasification and will guide future 
improvements to the biomass gasification process.  
 
4.1. Introduction 
Steam gasification is a promising process which converts biomass to a hydrogen-rich 
producer gas with a high calorie value [1-4]. The producer gas can be used for 
production of heat and electricity or for synthesis of liquid fuel through the Fischer-
Tropsch synthesis process [5]. As shown in Fig. 4-1, the steam gasification process can 
be divided into two stages: 1) biomass devolatilization; 2) gasification reactions [6]. 
Before the biomass devolatilization, drying may occur when the temperature reaches to 
200-300°C if the biomass moisture content is high. With further increase in the 
temperature to 300-500°C, biomass devolatilization occurs, and the biomass is 
decomposed into gases, char and tar [7] . In the subsequent gasification process, 
homogeneous reaction (among gases and steam) and heterogeneous reactions (among 
char and gases as well as steam) occur simultaneously. The reaction formulae have been 





Fig. 4-1. Proposed mechanism from devolatilization to steam gasification. 
 
By examining the above reactions, it is observed that in steam char reaction, water-gas 
shift reaction and steam reforming reaction, steam is involved as a reactant; therefore, 
the steam supply as a gasification agent is important. It is also observed that the gaseous 
products from the initial devolatilization act as the reactants in reactions described by 
Eqs. (2-4) to (2-7) whereas char is the reactant in reactions of Eqs. (2-2) to (2-5). 
Therefore, the product yields and gas composition from the initial devolatilization have 
significant impacts on the yield and composition of the producer gas from the whole 
gasification process although the steam-char reaction is believed to be dominant in the 
subsequent gasification process [8-13]. By knowing the correlation between the product 
yields and composition from the initial devolatilization and the yield and composition 
of the producer gas from the whole gasification process, the gasification operations 
(such as temperature, bed material and S/B ratio) can be optimised.  
 
Furthermore, the determination of tar production from devolatilization is also essential, 
since during the devolatilization, tar compounds may reform, further react by cracking, 
dealkylation, deoxygenation, aromatisation and polymerisation to form light gas, soot 
and poly aromatic hydrocarbons [14]. In addition, the steam input and gasification 
operation conditions also have impacts on the final tar formation and cracking as 




Steam-tar reforming 22 )2
( HnmmCOOmHHC nm ++↔+                                     (4-
1) 
Thermal tar cracking 2rHHqCHpC yxnm +↔                                                       (4-2) 
Where nm HC  represents tar which can be a mixture of several high molecular weight 
compounds in the tar compound and yx HC  represents hydrocarbons in the tar 
compounds with smaller carbon number than nm HC . 
 
Previous studies [17-23] have investigated the influence of operating conditions on the 
final producer gas yield and composition including tar in the DFB gasifier. Meanwhile, 
several mathematical models on steam gasification of biomass in the DFB gasifier have 
been developed to predict the final producer gas composition [24-27]. However, the 
intermediate products from the initial devolatilization were not available in literature, 
and thus most of the modelling studies assume the products from the initial 
devolatilization are the same as those from stand-alone fast pyrolysis [23, 27-30]. This 
may be not valid as the char generated from the initial devolatilization in the BFB 
initially accumulated over time and then maintains constant once a balance is reached 
between the char generation and char flow from BFB to CFB. In addition, the reaction 
temperature in the initial devolatilization is higher than fast pyrolysis.  
 
The objectives of the present study are, therefore to investigate (i) product yields, gas 
composition and tar formation from the devolatilization (intermediate products) in the 
DFB gasifier; (ii) to develop correlations between the yield and composition of products 










Table 4-1. Results of proximate analysis and ultimate analysis of pellet of radiata pine 
wood used in the present study. 
Proximate (%)  Method     
Total moisture  ISO 5068  
 
8.0 
Volatile matter ISO 562  
 
77.4 
Fixed carbon  By difference  14.2 
Ash 
 
ASTM D1102  0.4 
     
Ultimate (%)       
Carbon  
 
Microanalytical  51.3 
Hydrogen  Microanalytical  5.81 
Nitrogen  
 
Microanalytical  <0.2 
Sulphur 
 
ASTM D4239  <0.1 
Oxygen  
 
By difference  42.6 




4.2. Experimental and materials 
In the present study, experiments of devolatilization and gasification were conducted 
in the 100kW dual fluidised bed steam gasifier, which has been described in Chapter 3. 
N2 was introduced into the BFB column as a fluidisation agent instead of steam in order 
to investigate the devolatilization performance in the DFB gasifier. In experiments, 
chute and siphon were both fluidised with controlled N2 to enhance the bed material 
flow and to prevent cross-flows of gases between the two columns. Wood pellets of 
radiata pine wood were used as the fuel source for the experiments. The results of 
proximate analysis and ultimate analysis of the test feedstock are presented in Table 4-
1. Silica sand with an average particle size of 245µm was used as the bed material in 
the study. Detailed descriptions of the experiment operations procedures are given in 
Chapter 3. The operation conditions of the gasification experiments in the present study 
are listed in Table 4-2. In this study, the sampling and analysis methods for product gas 








Steam gasification  
(3 groups) 
Bed Material (kg) 30 30 
Gasifier temperature (°C) 700 750 800 700 750 800 
Combustor temperature (°C) 750 ~ 850 750 ~ 850 
Nitrogen to BFB (Nm3/h) 6.19 - 
Nitrogen to Chute (Nm3/h) 1.57 - 
Nitrogen to Siphon (Nm3/h) 2.02 - 
Steam to BFB (Kg/h) - 6 
Steam to Chute (Kg/h) - 2 
Steam to Siphon (Kg/h) - 2 
 
4.3. Results and discussion 
In steam gasification process, the devolatilization occurs immediately after the biomass 
is heated to a temperature above 300°C. In this stage, product gas is released rapidly 
which are largely the volatile matters from biomass. Product gas and tar contents from 
the devolatilization exhibit a range of characteristics depending on the reaction 
temperatures. These products from the devolatilization stage will be involved in 
subsequent gasification reactions as described by Eqs. (2-4) to (2-7). In this section, the 
product gas and tar generated from the devolatilization stage will be presented and 
discussed. In addition, the correlations between the products of initial devolatilization 
and the gas composition and tar content in the final producer gas will also be examined. 
 
4.3.1. Product yields, gas composition and tar concentration from the 
biomass devolatilization  
Fig. 4-2 shows the composition (N2 free) of gas produced from the biomass 
devolatilization as a function of reaction temperature. From the results, it is found that 
when the temperature increased from 700 to 800°C, the H2 content in the product gas 
increased slightly from 22% to 25% and that of CO increased from 40% to 42% whereas 
the CO2 content decreased from 18% to 13%. In addition, the CH4 content maintained 




The influence of reaction temperature on gas yield (kg/kgdaf), total tar concentration in 
the gas product and the tar yield (g/kgdaf) from the devolatilization are presented in Fig. 
4-3. The gas yield was calculated as the mass production of specific gas species (H2, 
CO2, CO and CH4) of the gas product (Nm3/h) over a period of time divided by the 
feeding dry biomass (kgdaf/h). It is found that when the reaction temperature increased 
from 700 to 800°C, the gas yield increased significantly from 0.54 kg/kgdaf to 0.59 
kg/kgdaf. The results presented in Fig. 4-3 included all classes of tar compounds from 
Class 2 to Class 5 detected by GC-FID. The tar yield was defined as the total tar 
concentration in the product gas (g/Nm3) divided by the gas yield per unit mass of dry 
fuel (Nm3/kgdaf). As a result, as the reaction temperature was increased, the tar 
concentration decreased by 17% from 12.7 g/Nm3 at 700°C to 10.5 g/Nm3 at 800°C. In 
a similar manner, the tar yield decreased slightly by 5% from 13.8 g/kgdaf at 700°C to 
13.1 g/kgdaf at 800°C.  
 
 
Fig. 4-2. The variation of product gas composition (H2, CO, CO2 and CH4) with BFB 





























Fig. 4-3. The gas yield, tar yield and tar concentration in the product gas varying with 
the BFB temperature in the devolatilization. 
 
During the devolatilization process, the gas product and tar are largely the volatiles 
released from biomass decomposition. The high temperature clearly favours the 
stripping of more volatile matter from biomass. However, biomass decomposition is a 
complex process, in general, it can be divided into three individual stages: cellulose 
decomposition, hemicellulose decomposition and lignin decomposition [31].  
 
The different inherent chemical structures of cellulose, hemicellulose and lignin 
attribute to different gas and tar production in terms of temperature. Cellulose contains 
higher carbonyl and carboxyl function groups to contribute more CO production. 
Hemicellulose with higher carboxyl content and COOH, the cracking and reforming of 
these two groups accounted for the releasing of CO2 yield [32, 33]. The lignin contains 
higher contents of aromatic ring and O-CH3 functional groups, the cracking and 
deformation of lignin released out much more H2 and tar with the aromatic rings [16, 
34]. 
 
Furthermore, the thermal stability of these three components is different. When the 
wood temperature increased, the hemicellulose component is first degraded to release 
more CO2 in the product gas, since hemicellulose is thermally the least stable 
component of biomass [34]. Then the cellulose component is degraded to generate the 
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present in woody biomass. Lignin is more thermally stable than cellulose and 
hemicellulose and thus requires a higher temperature to complete the decomposition. 
Tars with the aromatic rings are largely released from the decomposition of lignin. 
 
Therefore, during the biomass devolatilization, the variation of gas composition in the 
product gas with the increase of reaction temperature can be explained by the following 
reasons: (1) the generation of CO2 mainly attributed to the cracking of hemicellulose, 
which degraded at low temperature, thus as the reaction temperature increased, the 
composition of CO2 was decreased. (2) The releasing of CO mainly came from the 
decomposition of cellulose and (3) lignin is decomposed at high temperature. Hence 
the H2 content in the product gas increased with the reaction temperature. 
 
The effects of temperature on each tar class have also been examined, and the results 
are shown in Fig. 4-4. The tar compounds were classified following the method 
described in Chapter 3. From Fig. 4-4, it was found that with increase in temperature 
from 700 to 800°C, the concentration of the Class 2 tar (heterocyclic) compounds 
decreased significantly by 42%, from 5.87 to 3.38 g/Nm3. The Class 2 tar compounds 
were highly reactive tar compounds formed from the heteroatoms group in the wood 
(N and O), which were decomposed at lower temperatures, as proposed by Vreugendhil 
[35]. Therefore, this class of tar compounds was cracked significantly with increase in 
the reaction temperature. Similar to the Class 2 tar compounds, in the same range of 
temperature increase, the concentration of Class 3 tar was reduced by 54%, from 1.95 
to 0.89 g/Nm3. Furthermore, the reduction of both Class 2 and Class 3 tar concentrations 
in the product gas is also contributed to dealkylation (Eq. 4-3) and dimerization (Eq. 4-
4). However, most of PAH tar (Class 4 and Class 5 tars) compounds increased with the 
reaction temperatures. With the same temperatures increase from 700 to 800°C, the 
concentration of Class 4 tar increased by 28%, from 4.41 to 5.65 g/Nm3, while that of 
Class 5 tar increased by 27%, from 0.44 to 0.56 g/Nm3. It suggests that the high 
temperature favours the formation of Class 4 and Class 5 tar compounds. These trends 
can be explained by (1) direct combination of two aromatic species producing a dimer; 
(2) addition of light unsaturated hydrocarbon to aromatic rings for PAH formation and 
growth [36]. These two mechanisms increased the molecular weight of the tar 
components, which means more heavy tar compounds (Class 4 and Class 5 tars) are 





Fig. 4-4. The influence of the BFB temperature on the tars concentration. 
 
4.3.2. Correlations between the products of initial devolatilization and the 
gas composition and tar content in the final producer gas 
In the steam biomass gasification process, after the initial devolatilization, the 
subsequent homogeneous reactions (among gases and steam) and heterogeneous 
reactions (among char and gases as well as steam) occur simultaneously. Hence, the 
intermedia products (gas, tar and char) from the initial devolatilization are involved in 
the gasification reactions and thus also influence the final producer gas. The correlation 
between the gas yield of devolatilization and final producer gas yield as a function of 
reaction temperature is shown in Fig.4-5. In the figure, each point represents an average 
value of three repeatable measurements. Fig.4-5 indicates that the final producer gas 
yield also increased with reaction temperature, in the same trend as the product gas 
from devolatilization, but was higher than the gas yield of devolatilization at all reaction 
temperatures. At 700°C, the final producer gas yield was 5% higher, increasing from 
0.51 in the initial devolatilization to 0.54 kg/kgdaf in the final gasification. This increase 
was 7% for 750°C, from 0.55 to 0.59 kg/kgdaf; and 12% for 800°C, from 0.60 to 0.66 
kg/kgdaf. It is believed that the introduction of steam enhances the heterogeneous char-
steam reaction, the homogeneous water-gas shift reaction and steam methane reforming 































Fig. 4-5. The variation of gas productions with BFB temperature in the 
devolatilization (hollow point) and final gasification (solid point).  
 
The correlation on the cumulative gas yield between the initial devolatilization (hollow 
point) and the final gasification (solid point) as a function of reaction temperature are 
shown, respectively, in Fig. 4-6(a) for H2 yield, Fig. 4-6(b) for CO yield, Fig. 4-6(c) for 
CO2 yield and Fig. 4-6(d) for CH4 yield. The results in Fig. 4-6 exhibited a complicated 
process with homogeneous reactions among gases and heterogeneous reactions among 
chars and gases. It is also demonstrated that these reactions may play different roles 
































































































Fig. 4-6. The variation of gas yields of H2 (a), CO (b), CO2 (c) and CH4 (d) with BFB 
temperature in the devolatilization (hollow point) and final gasification (solid point). 
 
From Fig. 4-6(a), it is found that at 700°C, the H2 yield in the gasification process 
increased by 12%, from 1.7 Nm3/h in the initial devolatilization to 1.9 Nm3/h in the 
final gasification. This increase in H2 yield rose to 22% for reaction temperature of 
750°C, from 2.0 to 2.5 Nm3/h, and to 24% for 800°C, from 2.5 to 3.1 Nm3/h. Fig. 4-
6(c) presented the change of CO2 yield between in the initial devolatilization and final 
gasification at the three temperatures of 700, 750 and 800°C. Comparing to 
devolatilization, the CO2 yields in the gasification process at these three temperatures 
increased, respectively, by 5%, (from 1.4 to 1.5 Nm3/h), 19% (from 1.32 to 1.58 Nm3/h) 
and 25% (from 1.29 to 1.62 Nm3/h).  
 
The increase in the gas yields for H2 and CO2 yield from devolatilization to final 
gasification can be attributed to the addition of steam and the rate of steam-related 
reactions (steam-char reaction and water-gas shift reaction). These two reactions 
produce H2 and CO2 at the expenses of char and steam and are promoted with increasing 
temperature.  
 
Fig. 4-6(b) shows the change of CO yield which has a similar trend to that of H2 yield. 
At 700°C, the increase in the CO yield from the initial devolatilization to the final 























3.8 Nm3/h). Finally, at 800°C, the CO yield increased by 17% from 3.5 to 4.1 Nm3/h. 
As the reaction temperature increased, the exothermic steam-char reaction is enhanced 
for producing CO. Furthermore, high temperature promotes both exothermic 
Boudouard reaction and steam methane reforming reaction and inhibits the endothermic 
water gas shift reaction; these mechanisms contribute the formation of CO.  
 
However, the change of CH4 yield varied with the reaction temperature as shown in Fig. 
4-6(d). The CH4 yield increased by 4% at reaction temperature of 700°C, from 1.1 
Nm3/h in the initial devolatilization to 1.14 Nm3/h in the final gasification; and the 
corresponding increase was 16% at 750°C (from 1.17 to 1.36 Nm3/h); but at 800°C, the 
CH4 yield decreased by 2% from 1.37 to 1.34 Nm3/h. Base on the chemical equilibrium, 
the endothermic hydro-reaction was more active at low temperature; meanwhile, the 
exothermic steam methane reforming reaction was enhanced at high temperatures. 
Therefore, when the temperature is below 800°C, the hydro-reaction is more dominant 
to produce CH4; in contrast, when the temperature is above 800°C, more CH4 is 
reformed via the steam methane reforming reaction. The same trends are presented in 
the other studies [39-41]. 
 
 
Fig. 4-7. The influence of BFB temperature on the tar production in the 




























The influence of reaction temperature on total tar yield was shown in Fig 4-7. Each data 
point on the tar concentration represents an average of three repeated measurements. 
The results in Fig. 4-7 exhibit that, with increasing reaction temperature from 700 to 
800°C, the tar yield decreased not only in the devolatilization but also in the steam char 
gasification stage. At all three tested temperatures, the total tar yields were decreased 
by 32% to 34% from the devolatilization to the final gasification. The decrease in the 
tar yield was due to the steam-tar reforming reaction for cracking the tar compounds 


































































Fig. 4-8. The variation of concentration of tars both in the product gas from 
devolatilization (hollow point) and in the final producer gas from gasification (solid 
point) for different classes, Class 2 tar (a), Class 3 tar (b), Class 4 tar (c) and Class 5 
tar (d).  
 
Although the total tar yield was reduced from devolatilization to final gasification, the 
evolution of each tar class at different reaction temperatures was different. The tar 
concentrations were measured by the GC-FID, and the tar compounds were classified 
following the method described in Chapter 3.  
 
The tar concentrations in the gas between the initial devolatilization (hollow point) and 

























































respectively, in Fig. 4-8(a) for Class 2 tar, Fig. 4-8(b) for Class 3 tar, Fig. 4-8(c) for 
Class 4 tar and Fig. 4-8(d) Class 5 tar.  
 
From Fig. 4-8(a), the concentration of Class 2 tar in the product gas from 
devolatilization was reduced by 10% to 18% in final gasification producer gas while 
the greatest decrease was found at reaction temperature of 800°C. At this temperature, 
the concentration of Class 2 tar in final producer gas from gasification was also found 
to be the minimum with a value of 3.13 g/kgdaf compared to 5.29 g/ kgdaf at 700°C.  
 
From Fig. 4-8(b), it is found that the concentrations of Class 3 tar in the product gas 
from devolatilization were significantly reduced in the gasification process by 68% to 
71%. The significant reduction of Class 3 tar, which is the light hydrocarbons with a 
single ring, indicates that the injection of steam favours the reaction of dimerization 
(Eq. 4-4) to generate the PAH tars. This dimerization reaction also contributed to a 
reduction in the concentration of Class 4 tar in the product gas from devolatilization 
which decreased by 30% to 43% as shown in Fig. 4-8(c)  
 
The evolution of Class 5 tar from devolatilization to final gasification is shown in Fig. 
4-8(d). It is found that as the BFB temperature was increased, the reduction rate of Class 
5 tar concentration was decreased from 46% at 700°C to 23% at 800°C, which means 
the formation heavy PAH tar is enhanced in the steam gasification with high 
temperature. 
 
The formation of poly-aromatic tar and the reactions has been reported in literature [35, 
44-47], and the above phenomena can be explained by the fact that injection of steam 
and high temperature can increase the concentration of radical, such as H+. Firstly, the 
increase of radical enhanced the reactions of dealkylation (Eq. 4-3) of phenolic tar 
(Class 2 tar) readily; therefore, the alkyl groups attached in the Class 2 tar compounds 
were removed. In this way, a large number of tar compounds with single aromatic ring 
(Class 3 tar) were formed, leading an increase of the aromaticity of tar mixtures. 
Secondly, the reactions of dimerization (Eq. 4-4) and H2-abstraction-C2H2-addition 
sequence (Eq. 4-5) were promoted by the increase of the radical and aromaticity of tar, 
causing the mono-aromatic tars and di-aromatic tar compounds (Class 4 tar) to be 
reformed to ploy-aromatic tar compounds (Class 5 tar).  
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Reactions of dealkylation (4-3): 
 
 
Reaction of dimerization (4-4): 
 
 
Reaction of H2-abstraction-C2H2-addition sequence (4-5): 
 
 
4.3.3. Interrelation between light gas and tar compounds 
In the devolatilization, gas production is mainly controlled by primary and secondary, 
alkyl tertiary tar conversion [48]. Dufour and Brage [49, 50] reported the methods to 
estimate the tar production from light gas measurements in biomass pyrolysis, which is 
easier to be quantified than tar. A simple scheme of CH4, C2H4 and tar formation was 
also proposed from above studies as shown in Figure 4-9. However, the interaction of 
tar and light gas during devolatilization depends on the fuel, reactor configuration and 
operating conditions, hence, it is expected that some relations exist between tar 









Fig. 4-9. Simplified scheme of methane, ethylene and tar formation in devolatilization 
adapted from Dufour et al. [50] 
 
 (a)  
 
(b) 
Fig. 4-10. Relations (a) between PAH tar with 2 and 3 rings and CH4 production and 






























































C2H2 + C2H4 production (kg/kgdaf) 
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The correlation on mass production between the light gas and the tar in the 
devolatilization are shown, respectively, in Fig. 4-10(a) for PAH tar with 2 and 3 rings 
and CH4 production, Fig. 4-10(b) for Class 5 tar and C2H2 + C2H4 production. Fig 4-
10(a) presents linear relations between the mass production of PAH tar with 2 or 3 rings 
(which is all Class 4 tar without methylnaphthalene) and CH4. Both quantities are 
clearly correlated within the whole temperature range tested (700-800°C). The scheme 
in Fig. 4-9 could explain the relation measured between the CH4 production and PAH 
tar production. CH4 is produced from conversion of the secondary and tertiary tar 
compounds, which mostly are the methylated tar compounds (such as toluene, xylenes, 
cresols, and methylnaphthalene), through de-alkylation reactions [49]. For instance, 
Phenols is mainly decomposed to benzene, indene, and naphthalene via 
cyclopentadienyl radicals. Toluene is competitively formed from cresols and converted 
to benzene and methane by demethylation. The conversion of phenol and toluene in the 
different biomass species will be further discussed in Chapter 6. 
 
Fig 4-10 (b) shows a linear relation between the total Class 5 tars and C2 light gas (C2H4 
+ C2H6) in the range of devolatilization temperature from 700 to 800 °C. It is believed 
that the formation of Class 5 tar compounds is strongly related with the presence of C2 
light gas in the reacting gas due to the H2-abstraction-C2H2-addition (HACA) 
mechanism.  
 
Overall, the relations found indicate that, under the conditions tested, is possible to 
correlate the yields of certain light hydrocarbons with different tar properties or yields 
in the devolatilization stage. When steam is introduced for the subsequent gasification 
reaction, which has chemical effects on the tar and gas production. It is also expected 
that some relations exist between tar composition and light gas in the subsequent 
gasification. 
 
The correlation on mass production between the light gas and the tar in the steam 
gasification are shown, respectively, in Fig. 4-11(a) for PAH tar with 2 and 3 rings and 
CH4 production, and Fig. 4-11(b) for Class 5 tar and C2H2 + C2H4 production. As shown 
in Fig 4-11(a), within the range of gasification temperature, relations on the CH4 and 
light PAH tar production did not perfectly match a line. It is believed that CH4 produced 
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in steam gasification is related to the combination of the steam methane reforming 






Fig. 4-11. Correlations (a) between PAH tar with 2 and 3 rings and CH4 production 
and (b) between Class 5 tar and C2H2 + C2H4 production in steam gasification 
 
However, from Fig 4-11(b), a linear relationship between the total Class 5 tars and C2 
light gas (C2H4 + C2H6) was obtained.  It demonstrated that the injection of steam had 
few effects on the relative production of heavy PAH tar and C2 light gas. It is possible 
to obtain a good estimation of the Class 5 tar production by measuring the C2 light gas 
yield in biomass gasification under the conditions tested. 





















































These relations are expected to depend on the fuel used and probably on other operating 
conditions. This makes it necessary to validate these correlations for other process 
conditions. The influence of the operating conditions (residence time and steam to 




This study has investigated the product yield and composition in the initial 
devolatilization during biomass steam gasification in a dual fluidised bed gasifier. 
Correlation on yield and composition between the product gas from devolatilization 
and the final producer gas from overall gasification are established. Influence of 
reaction temperature has been examined.  
 
Key findings from the present studies are: 
 In the initial biomass devolatilization stage, gas yield increases and tar yield 
decreases with reaction temperature. In the gas product, the concentration of H2 
and CO increase with increase in the reaction temperature but the CO2 
concentration decreases while CH4 remains relatively constant. 
 
 The reaction temperature has different impact on the concentrations of different 
classes of tar compounds in the product gas from biomass devolatilization. With 
increase in the reaction temperature, the concentrations of Class 2 and Class 3 tar 
compounds decrease while those of Class 4 and Class 5 tar compounds increase. 
 
 The products from the initial devolatilization are actively involved in the 
subsequent steam gasification reaction. Consequently, the total gas yield is 
increased whereas the total tar yield is reduced. With steam injection for the 
gasification process, more gas is produced from heterogeneous char-gas reaction 
and the homogeneous reactions among gases and steam. 
 
 Reactions temperature also has significant impact on the yield and composition of 
the producer gas from the gasification. With increase in the reaction temperature, 
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water-gas shift reaction and steam methane reforming reaction are enhanced while 
tar is cracked. In addition, the steam-char reforming reaction is hindered with the 
increase in reaction temperature. 
 
 The reaction temperature has different impacts on changes in the concentration of 
different classes of tar compounds from the product gas in devolatilization to the 
final producer gas in the gasification. With increase in the reaction temperature, the 
concentration of Class 2 and Class 3 tar compounds are decreased while those of 
Class 4 and Class 5 tar compounds are increased. The most significant changes are 
for Class 2 and Class 3 tar compounds.  
 
 The interrelations between PAH tar and light gas production enabled to estimate 
the yield of PAH tars production during biomass gasification. Besides, the analysis 
of the observed relations provides understanding of the mechanisms of tar 
conversion from initial devolatilization to subsequent gasification in the DFB 
gasifier. 
 
The results from the present study can be used for better understanding of the biomass 
steam gasification process and for operation optimisation. Further studies are being 
undertaken to investigate the effect of operating condition, gas residence time and steam 
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Chapter 5. Influence of gas residence time and steam to 
biomass ratio on gasification performance and tar yield in 
steam gasification of biomass 
In the chapter, effects of mean gas residence time and steam to biomass ratio on 
gasification performance and tar yield in steam gasification were experimentally 
investigated on a 100kW dual fluidised bed (DFB) gasifier. Pellets of radiata pine wood 
were used as the feedstock, and silica sand was used as the bed material. The 
gasification temperature was controlled at 800°C. In the first part of this study, in order 
to change the gas residence time, three bed material inventories of 20, 25 and 30 kg 
were tested which corresponding gas residence times were 0.19, 0.22 and 0.25s, 
respectively. In the second part, the steam flow rate was kept constant at 10.5 kg/h to 
maintain a constant gas residence time in the bubbling fluidised bed gasifier, and then 
the biomass feeding rate was changed from 7.1 to 21.0 kg/h, which corresponding 
steam to biomass (S/B) ratio varied from 0.63 to 1.51. 
 
From the experimental results, it is found that with increase in bed material inventory 
and thus increase in gas residence time, the change of gas composition in initial 
devolatilization stage was not significant, but the producer gas composition was 
significantly affected. With increase of gas residence time, the concentrations of H2, 
CO2 and CH4 were increased while the CO concentration was reduced. As the gas 
residence time increased from 0.19 to 0.25s, the total tar yield was reduced from 17.3 
to 11.8 g/kgdaf in the initial devolatilization, while that in the final gasification was 
decreased from 11.9 to 7.7 g/kgdaf. The effect of gas residence time on the distribution 
of classes of tar compounds was inconsistent. With increase of steam to biomass ratio, 
the H2 and CO2 contents in the producer gas were increased, whereas the CO and CH4 
contents were reduced. For the tar compounds, with increasing S/B from 0.63 to 1.51, 
the total tar yield was reduced from 9.5 to 5.1 g/kgdaf. In the meantime, the 
concentrations of Class 2, Class 3 and Class 4 tar compounds were decreased while 




5.1. Introduction  
Effects of different operating conditions on the gasification performance have been 
extensively studied and reported in literature [1-7]. Gas residence time in fluidised bed 
gasifier is defined as the time for product gas passes through the bed material [8], and 
it is an important parameter for mixing and entrainment of bed material. The gas 
residence time can be calculated based on the volumetric flow rate of fluidisation gas, 
inventories of bed material and dimension of gasifier [9]. It is reported that the gas 
residence affects char conversion during the gasification since the contact time between 
char and gasification agent determines the approach to the equilibrium state of 
heterogeneous reactions in the gasification. Some studies have been found in literature 
[10, 11] on the effect of gas residence time during the biomass conversion. However, 
these results may not be comparable due to the different gasifier system. In addition, 
there is an apparent lack of information on the influence of gas residence time on gas 
and tar products from devolatilization to final gasification in a pilot scale fluidised bed. 
 
As mentioned in Chapter 2, the injection of steam affects the producer gas composition 
through the water-gas shift reaction, steam-char reaction and methane steam reforming 
reaction. Meanwhile, the tar compounds in the producer gas can be reduced by the 
steam tar reforming. However, the literature reports about the effect of steam on the tar 
composition are inconsistent. In the study of Jess [12], it was found that steam had only 
slight influence on the conversion of the aromatic tar at the temperature below 1100°C. 
A similar result was shown in the study of Fuentes-Cano et al. [13], who demonstrated 
that steam had negligible influence on the yields of aromatic tar compounds and light 
hydrocarbon compounds in producer gas from devolatilization of dried sewage sludge 
in a fluidised bed. However, a separate study by Herguido et al. [14] found a significant 
reduction in tar yield with steam-to-biomass ratio increasing from 0.5 to 2.5 and this 
was attributed to the promotion of tar-reforming reaction by steam. In addition, Wang 
et al. [15] reported that the tar compounds were much reduced by increasing the steam 
to biomass ratio from 0.5 to 1.0 for gasification of wood chips.  
 
The aims of the present study are to investigate (1) the influences of gas residence time 
on the yields and composition of producer gas and tar in initial devolatilization stage of 
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biomass gasification and correlation to those in the final stage of steam gasification 
process, and (2) the effect of steam to biomass ratio in the steam gasification. 
 
5.2. Experimental Setup  
5.2.1. Experimental conditions 
Experiments were conducted on devolatilization and gasification of woody biomass 
(pellets of radiata pine) in a 100kW dual fluidised bed (DFB) gasifier, which has been 
described in Chapter 3. The experimental conditions tested are summarised in Table 5-
1. Before the experiments, the pellets of radiata pine wood were analysed, and the 
results of proximate analysis and ultimate analysis are given in Table 4-2 from Chapter 
4. Silica sand was used as the bed material in the experiments. Detailed descriptions of 
the experiment operations procedures and methods of gas and tar sampling and analysis 
are given in Chapter 3. The steam to biomass (S/B) ratio is calculated by using the Eq. 
(3-1).  
 
Table 5-1. The operating conditions experiments in the present study. 
Test for steam to biomass ratio Devolatilization  Steam gasification  
Bed Material (kg) 30 
Gasifier temperature (°C) 800 
Combustor temperature (°C) 800 ~ 850 
Fuel  kg 7.1, 10.2, 14.2, 21.0 
Steam kg 0 10.5 
S/B ratio  0 0.63, 0.89, 1.21, 151 
 
Test for mean gas residence time Devolatilization  Steam gasification  
Bed Material (kg) 20, 25, 30 
Gasifier temperature (°C) 800 
Combustor temperature (°C) 800 ~ 850 
Fuel  kg 14.2 
Steam kg 0 10.5 




5.2.2. Calculation of mean gas residence time of the producer gas 
The mean gas residence time of the producer gas in the BFB, τ𝑓𝑓, in the present study 
was calculated following the approaches in the studies of Saw and Pang [8]. The results 
of mean gas residence time of the producer gas in the BFB based on the bed material 
inventory are given in Table 5-2. 
 




                                                                                                                  (5-1) 
Where  
𝐿𝐿𝑓𝑓 is expansion bed height, m, which consists of bubble phase and emulsion phase in 
the bubbling fluidised bed (BFB). This is calculated by Eq. (5-2). 
𝜀𝜀𝑓𝑓 is voidage of the BFB and is determined by Eq. (5-4). 






= 𝜀𝜀𝑏𝑏                                                                                                (5-2) 
Where 
𝐿𝐿𝑚𝑚𝑓𝑓 is bed height at the minimum fluidisation, m. Its value is estimated to be 5% higher 
than that of initial bed height, 𝐿𝐿0, which is calculated by Eq. (5-3). 
𝑄𝑄𝑏𝑏 is volumetric flow rate for bubbling phase, m3/s, and determined by using Eq. (5-6) 
A is cross section area of BFB, m2. 
𝑈𝑈𝑏𝑏𝑚𝑚 is mean rise velocity of a bubble through the BFB, m/s. It is related to the rise 
velocity of a bubble, 𝑈𝑈𝑏𝑏 by using Eq. (5-7). 





                                                                                                               (5-3) 
where 
M is mass of the bed material in BFB, kg. 
𝜌𝜌𝑏𝑏𝑢𝑢𝑏𝑏𝑏𝑏 is the bulk particle density of the particle (sand), kg/m3. 
 




𝜀𝜀𝑚𝑚𝑓𝑓 is voidage at minimum fluidisation. Its value is estimated to be 5% higher than that 
of voidage of the fixed bed 𝜀𝜀0, which is determined by Eq. (5-5). 
 
𝜀𝜀0 = 1 −
𝜌𝜌𝑏𝑏𝑚𝑚𝑏𝑏𝑏𝑏
𝜌𝜌𝑝𝑝
                                                                                                            (5-5) 
Where 
𝜌𝜌𝑝𝑝 is the particle density of bed material, kg/m3. 
 
𝑄𝑄𝑏𝑏 = 𝑌𝑌 × 𝐴𝐴 × (𝑈𝑈𝑚𝑚 − 𝑈𝑈𝑚𝑚𝑓𝑓)                                                                                         (5-
6) 
Where  
Y is correction factor for two phase theory, as shown in Fig. 5-1 adapted from Geldart 
[16]. 
𝑈𝑈𝑚𝑚 is mean superficial gas velocity, m/s. 
𝑈𝑈𝑚𝑚𝑓𝑓 is minimum fluidisation gas velocity, m/s. The calculation method was described 
in Chapter 3. 
 
 
Fig. 5-1. Correction for deviation from the two phase theory (adapted from Geldart 
[16]). 
 
𝑈𝑈𝑏𝑏 = (𝑈𝑈𝑚𝑚 − 𝑈𝑈𝑚𝑚𝑓𝑓)  +  𝑈𝑈𝑏𝑏𝑓𝑓                                                                                        (5-7) 
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𝑈𝑈𝑏𝑏 is the rise velocity of a bubble through the BFB, m/s. 
𝑈𝑈𝑏𝑏𝑓𝑓 is the rise velocity of a bubble with respect to the emulsion phase, m/s, which can 
be determined by using Eq. (5-8). 
 
𝑈𝑈𝑏𝑏𝑓𝑓 = 0.711 × (𝑔𝑔 × 𝑑𝑑𝑏𝑏𝑏𝑏)0.5                                                                                         (5-
8) 
Where  
𝑔𝑔 is the gravity constant with a value of 9.81 m/s2. 





(𝑈𝑈 − 𝑈𝑈𝑚𝑚𝑓𝑓)0.4(𝐿𝐿𝑑𝑑 + 4 × 𝑁𝑁−0.5)0.8                                                             (5-
9) 
Where 
𝐿𝐿𝑑𝑑 is distance above the distributor, m. 
𝑁𝑁 is number of holes per unit area in the distributor (1/m2). 
 
Table 5-2. The calculated values of 𝐿𝐿𝑓𝑓, 𝐿𝐿𝑚𝑚𝑓𝑓, 𝜀𝜀𝑓𝑓 and 𝜏𝜏𝑓𝑓 based on the bed material 
properties. 
Bed material Silica sand 
Bulk particle density of the sand, 𝜌𝜌𝑏𝑏𝑢𝑢𝑏𝑏𝑏𝑏 (kg/m3)  1550 
Particle density of the sand, 𝜌𝜌𝑝𝑝 (kg/m3)  2600 
Average particle size of the sand, 𝑑𝑑𝑝𝑝 (μm)  215 
Minimum fluidisation velocity, 𝑈𝑈𝑚𝑚𝑓𝑓 (m/s)  0.018 
Superficial velocity of producer gas, 𝑈𝑈𝑝𝑝𝑝𝑝, (m/s) 0.694 ~ 0.733 
Total inventory of bed material (kg) 30 25 20 
Residual bed material in BFB(kg) 19.77 17.52 15.12 
𝐿𝐿𝑓𝑓 (m) 0.575 0.506 0.457 
𝐿𝐿𝑚𝑚𝑓𝑓 (m) 0.398 0.342 0.304 
𝜀𝜀𝑓𝑓  0.601 0.611 0.617 
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τ𝑓𝑓 (s) 0.249 0.215 0.192 
 
5.3. Results and discussion 
5.3.1. Effect of mean gas residence time 
Fig. 5-2 presents the results of composition of producer gas at different means gas 
residence time, τ𝑓𝑓 in initial devolatilization. From the figure, it can be seen that the 
influence of τ𝑓𝑓  on the compositions of gas from initial devolatilization were not 
obvious. With τ𝑓𝑓 increasing from 0.19 to 0.25, the concentrations of H2, CO and CO2 
were found to be virtually constant at approximately 25%, 43% and 13%, respectively. 
The concentration of CH4 was slightly increased from 13% to 15%. In the 
devolatilization stage, the primary decomposition of biomass releases the volatile 
matter from biomass to produce both condensable vapours and non-condensable gas 
[17]. The non-condensable gas including the light species like H2, CO, CO2 and CH4 is 
the main gas product in the devolatilization [18]. The yield and composition of non-
condensable gas depend on the reaction temperature and biomass properties. The 
condensable vapours, which consist of heavier molecules species, can condense to form 
tar compounds if being cooled down. However, if these compounds are held in contact 
with biomass within the reactor, they undergo secondary cracking reactions, which may 
be reformed to char, secondary tar compounds, and non-condensable gases [19]. 
Therefore, a longer residence time favour secondary cracking reaction, affecting the 





Fig. 5-2. The effect of gas residence time on gas composition in devolatilization.  
 
The influence of τ𝑓𝑓 on the final producer gas composition is shown in Fig. 5-3. It is 
found that with τ𝑓𝑓 increasing from 0.19 to 0.25 s, the concentration of H2 was increased 
from 27% to 30% and those of CO2 and CH4 were increased from 15% to 18% and 
from 12% to 14%, respectively. However, the concentration of CO was decreased from 
39% to 36%. During the steam gasification, the gas formation is related to the reactions 
among gas, char, tar and steam [16, 20, 21]. In particular, the contact time and position 
between char and tar with steam in the reactor are important factors on reaction rates 
and state towards the equilibrium. For example, when the biomass is fed at the bottom 
of the reactor, the devolatilization is rapid and releases volatiles in the bottom zone of 
the bed while the char particles circulate within the bed which can thus have longer 
contacting time with steam for char steam reaction. The 100kW dual fluidised gasifier 
in the present study has an in-bed feeding system where the feeding position is 
approximately 0.13m above the BFB base. As shown in Table 5-2, the expansion bed 
height was 0.58, 0.51 and 0.46m with an initial sand loading (inventory) of 30, 25 and 
20kg, respectively. Therefore, a long residence time promoted the char-related reaction, 
such steam-char reaction, Boudouard reaction and Methanation reaction. In addition, 
the increase in τ𝑓𝑓 promoted the water-gas shift reaction toward the production of H2 
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Fig. 5-4 presents the results of carbon conversion in devolatilization and final 
gasification as a function of τ𝑓𝑓. The carbon conversion was defined as the total carbon 
content in the gas products (CO, CO2, CH4, C2H4 and C2H6) divided by the total carbon 
content found in the wood pellets with a dry and ash free (daf) basis. In Fig.5-4, it was 
found that with τ𝑓𝑓  increasing from 0.19 to 0.21, the carbon conversion in 
devolatilization was slightly increased from 55% to 61%, while that in final gasification 
stage was significantly increased from 62% to 77%. The conversion of char in the final 
stage of gasification is affected by the heterogeneous char-gas reactions, which are 
much slower at a given temperature that the homogenous gas-gas reaction [23]. 
Therefore, char conversion may be limited unless the residence time is sufficiently long.  
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Fig. 5-4. The comparison of carbon conversion with mean gas residence time in the 
devolatilization (hollow point) and final gasification (solid point). 
 
The correlation on tar yield between the initial devolatilization stage and the final steam 
gasification process as a function of mean gas residence time, τ𝑓𝑓 can be established 
from the experimental results, which is shown in Fig.5-5. The tar concentrations were 
measured by the GC-FID and the tar compounds were classified following the method 
described in Chapter 3. From Fig. 5-5, it can be seen that the tar yield in the final steam 
gasification was decreased as τ𝑓𝑓 was increased from 0.19 to 0.25s, in the same trend as 
the tar yield from devolatilization, but was lower than the tar yield from devolatilization 
at all of the gas residence times. At τ𝑓𝑓 of 0.19s, the total tar yield was reduced by 31% 
from 17.3 g/kgdaf in the initial devolatilization to 11.9 g/kgdaf in the final gasification. 
This corresponding reduction was 34% for 0.22s, from 13.8 to 9.1 g/kgdaf; and 36% for 
0.25s, from 11.8 to 7.7 g/kgdaf. It is believed that a longer residence time promotes 
























Fig. 5-5. The comparison of tar yield with mean gas residence time in the 
devolatilization (hollow point) and final gasification (solid point). 
 
In order to quantify the changes of tar yield and composition from the initial 
devolatilization to final steam gasification. 11 different tar compounds were detected 
and classified into 5 classes. The tar compounds include phenols, toluene, styrene, 
xylene, cresol, indene, naphthalene, methylnaphthalene, biphenyl, PAH with 3 
aromatic rings and PAH with 4 and more aromatic rings. The yield proportions of each 
tar compound to the total tar yield in devolatilization stage are shown in Fig. 5-6 for the 
three gas residence times tested. From Fig. 5-6, it is found that the yield proportions of 
tar compounds with single aromatic ring were reduced as τ𝑓𝑓 increased from 0.19 to 
0.25s. For example, the yield proportion of toluene was deceased from 14% to 6%, 
while that of phenols decreased from 23% to 17%. The yield proportion of PAHs with 
2 aromatic rings, such as indene, naphthalene and methylnaphthalene were found to be 
virtually constant at approximately 12%, 18% and 6%, respectively. However, the yield 
proportion of PAH with 3 aromatic rings was slightly increased from 14% to 18%, and 
a similar trend was also obtained for PAHs with 4 and more aromatic rings, which 
overall yield proportion was increased from 3% to 7%. In the devolatilization, after the 
primary decomposition, the secondary cracking reactions further converted the primary 
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The secondary cracking reactions involved two pathways, one was dehydration and 
decarboxylation to remove alkyl groups attached to the aromatic rings, the other was 
depolymerisation to form the PAH tar compounds [25]. Therefore, a longer residence 
time would promote the reduction of secondary tar yield, while the formation of heavy 
PAH is favoured.  
 
 
Fig. 5-6. Proportions of yields of different tar compound to the total tar yield in the 
initial devolatilization stage in biomass gasification with different gas residence times. 
 
Fig. 5-7 presents the changes in yield of each type of tar compound from the initial 
devolatilization stage to the final gasification process at different gas residence times. 
It is found that the yields of light tar compounds such as toluene, styrene and phenols 
were significantly reduced. At τ𝑓𝑓  of 0.19s, the yield proportion of toluene was 
decreased from 14% in the devolatilization to 3% in the final gasification, while that of 
phenols was decreased from 23% to 15%. Similar trends were also observed at the other 
two residence times. However, the yields of PAH compounds were all increased. For 

































































to 25%, while that of PAHs with 4 and more aromatic rings was significantly increased 
from 6% to 10%. It is believed that the injection of steam favoured the steam-tar 
reforming reactions to reduce the heterotic tar and enhanced the formation of PAH tar.  
 
The results from Fig. 5-7 also illustrate the effect of τ𝑓𝑓 on the tar compound distribution 
in the producer gas from final gasification stage. With the increase of τ𝑓𝑓 from 0.19 to 
0.25, the proportions of all light tar compounds such as toluene, xylene, styrene and 
phenols were slight decreased. The proportions of PAHs with 2 aromatic rings, such as 
naphthalene and methylnaphthalene were found to be virtually constant at 
approximately 25% and 7%, respectively. However, the proportions of heavy PAH 
compounds were increased. These results were consistent with those of Kinoshita et al. 
[26] who found that with increasing residence time, the yields of oxygenated tar 
compound and 1- and 2- ring tar components were decreased, but those of 3- and 4- 
ring tar components were increased. Hence, in the producer gas from final steam 

































































Fig. 5-7. Proportions of yields of different tar compounds to the total tar yield in the 
final gasification stage with different gas residence times. 
 
The above phenomena can be explained by tar compounds thermal transformation and 
cracking from which more stable tar compounds were formed. This process was 
enhanced with a longer residence time in contact with the bed material. Therefore, as 
τ𝑓𝑓 increased, Class 2 tar compounds were reduced due to the highly reactive of the 
heteroatoms group (N and O) attached in aromatic ring. The significant decomposition 
of Class 2 tar compounds provided more single aromatic ring units, which are the 
precursors for the formation of PAH tar compounds with multiple aromatic rings [27]. 
In addition, these light PAH tar compounds would be either converted into light gases 
by steam reforming or reformed into heavy tar compounds by dimerization and 





































Fig. 5-8. Correlations (a) between PAH tar with 2 and 3 rings and CH4 production and 
(b) between Class 5 tar and C2H2 + C2H4 production in devolatilization 
 
In the initial devolatilization, the yields of PAH tar and light gas are clearly correlated 
with the tested residence time (from 0.19 to 0.25s) as shown in Fig. 5-8. Linear relations 
between the mass production of light PAH tar and CH4 and between Class 5 tar and C2 
light gas were found with a good regression factor. Consequently, CH4 and C2 light gas 
could also be used as indicators of tar production and speciation under the range of 




























C2H2 + C2H4 production (kg/kgdaf) 






























Fig. 5-9. Correlations (a) between PAH tar with 2 and 3 rings and CH4 production and 
(b) between Class 5 tar and C2H2 + C2H4 production in steam gasification 
 
The correlation on mass production between the light gas and the tar in the 
devolatilization are shown, respectively, in Fig. 5-8 (a) for PAH tar with 2 and 3 rings 
and CH4 production, and Fig. 5-8(b) for Class 5 tar and C2H2 + C2H4 production. The 
linear relation on Class 5 tar – C2 light gas can be used as a simple method for the 
estimation of the Class 5 tar production by measuring the C2 light gas. However, the 
injection of steam affects the reactions of tar and CH4 reforming, leading that the 
relation on light PAH tar – CH4 did not perfectly match a linear relationship. 
 
5.3.2. Effect of steam to biomass (S/B) ratio 
Steam to biomass (S/B) ratio is the mass flow rate of injected steam plus the moisture 
in the biomass to the mass flow rate of oven dry biomass into the gasifier. S/B is another 
important parameter in steam gasification, as the steam is crucial for heterogeneous 
char-steam gasification, Methanation reaction, water–gas shift reaction, steam methane 
reforming and tar-steam reforming reactions. The S/B ratio can be varied either by 
changing the biomass feeding rate while keeping the steam flow constant or vice versa. 
In this study, the steam flow rate was kept constant, and the S/B ratio was controlled 
by changing the biomass feeding rate. In this way, the residence time in the BFB 
gasification reactor was maintained at the pre-set values.  
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Fig. 5-8 presents the total gas yield from devolatilization and that from final steam 
gasification with different S/B ratios at the same operation temperature of 800°C. The 
gas yield was calculated as the production rate of gas product (kg/h) divided by the 
feeding rate of oven dry biomass (kgdaf/h). From Fig. 5-8, it is seen that the gas yield 
from the devolatilization was 0.59 kg/kgdaf. When steam was introduced for steam 
gasification, the gas yield in the final gasification was significantly increased to 0.66 
kg/kgdaf at S/B ratio of 0.63. The producer gas yield was further increased with increase 
in the S/B ratio, to 0.75 kg/kgdaf at S/B ratio of 0.89, to 0.88 kg/kgdaf at S/B ratio of 1.21 
and to 0.98 kg/kgdaf at S/B ratio of 1.51. This confirms that the presence of steam has 




Fig. 5-10. Yields of producer gas from the devolatilization stage and the final steam 
gasification stage with different S/B ratios at 800°C. 
 
The effect of S/B ratio on the concentration of each gas species (H2, CO, CO and CH4) 
are shown in Fig. 5-9. It is observed that, with S/B ratio increasing from 0.63 to 1.51, 
the H2 concentration was significantly increased from 29.5% to 34.8% and the CO2 
concentration was increased from 16.7% to 22.1%. On the contrary, the CO 
concentration was decreased from 38.8% to 28.2% while the CH4 concentration was 
slightly dropped from 14.1% to 10.5%. Similar observations on the gas composition 





















of S/B ratio promoted the char-steam reaction and water–gas shift reaction towards H2 
formation direction [31], and enhanced steam-methane reforming reaction [32].  
 
 
Fig. 5-11. Concentrations of gas species in the producer gas from the devolatilization 
stage and the final steam gasification stage with different S/B ratios at 800°C. 
 
The effects of S/B ratio on the tar compounds have also been examined in the 
experiments, and the results are illustrated in Fig. 5-10. It can be clearly seen that the 
tar yield was significantly reduced in the gasification stage and this was further reduced 
with increment of S/B. With increasing S/B from 0.63 to 1.51, the total tar yield 
decreased from 9.5 to 5.1 g/kgdaf. This can be expected since high S/B ratio favours the 
reforming of hydrocarbons, leading to a reduction of the tar yields [33, 34]. Fig. 5-10 
also shows the yield of different class of tar compounds from which it is found that with 
increase of S/B ratio in the above range, the yield of Class 2 tar compounds was 
decreased from 4.5 to 2.1 g/kgdaf while that of Class 3 and Class 4 tar compounds were 
reduced. However, with the increase of S/B ratio in the above range, the yield of Class 
5 tar compounds was increased from 0.72 to 0.99 g/kgdaf. These results are in consistent 

























Fig. 5-12. Tar yields from the devolatilization stage and the final steam gasification 
stage with different S/B ratios at 800°C. 
 
Fig. 5-11 presents the effect of S/B on the proportion of each type of tar compounds. 
With increase of S/B ratio, the proportion of oxygen containing tar compounds such as 
phenols and cresols were decreased. The phenomena can be explained by the high S/B 
ratio increases the concentration of H+ radical from steam and H2, which enhances the 
dealkylation and decarboxylation of heterocyclic tar compounds [36]. The proportion 
of naphthalene was decreased from 20% to 15% with increasing S/B from 0.63 to 1.51. 
This result indicates that increased steam enhanced decomposition of naphthalene [35]. 
The similar trends were obtained for the other 2-ring PAH compounds of indene and 
biphenyl. It is interesting to notice that the proportion of PAH compounds with three 
and more aromatic rings was increased when the S/B was increased from 0.63 to 1.51. 
It can be proposed that the increase of S/B ratio also promoted the reactions of 
dimerization and cyclisation (H2-abstraction-C2H2-addition sequence) due to an 
increase of the H+ radical and intact aromaticity of tar from heterocyclic tar 




























Fig. 5-13. Proportions of yields of different tar compounds to the total tar yield from 
the devolatilization stage and the final steam gasification stage with different S/B 
ratios at 800°C. 
 
5.4 Conclusion  
The influence of gas residence time and steam to biomass ratio on the performance of 
a DFB steam gasifier has been experimentally examined. This study also establishes 
the correlation on yield and composition of the producer gas and tar compounds 
between the initial devolatilization stage and the final steam gasification. 
 
Key findings from the present studies are: 
 The effect of mean gas residence time (τ𝑓𝑓 ) on the gas composition in initial 
devolatilization stage was not significant, but the gas residence time had significant 
effect in the final gasification. With increase of τ𝑓𝑓, the concentrations of H2, CO2 
and CH4 in the producer gas were increased while the CO concentration was 





















































 As τ𝑓𝑓 increased from 0.19 to 0.25s, the total tar yield was reduced from 17.3 to 
11.8 g/kgdaf in the initial devolatilization, while that in the final gasification was 
decreased from 11.9 to 7.7 g/kgdaf. Gas residence time also affected tar composition. 
With increase in τ𝑓𝑓, the proportions of tar compounds with single aromatic ring 
such as toluene and phenols were reduced. The proportion of PAH with 2 aromatic 
rings, such as indene, naphthalene and methylnaphthalene were found to be 
virtually constant. However, the proportion of PAH with 3 and more aromatic rings 
was slightly increased.  
 
 With increase of steam to biomass ratio, gas production was increased and the tar 
yield was reduced in steam gasification since the char-steam reaction and tar steam 
reforming reaction were enhanced with increase in the steam input. The steam to 
biomass ratio affected the equilibrium state of water-gas shift reaction and methane 
steam reforming, therefore, with increase of steam to biomass ratio, the H2 and CO2 
contents in the producer gas were increased, but CO and CH4 contents were 
reduced. 
 
 The steam to biomass (S/B) ratio had a different impact on different tar compounds 
although the total tar yield was reduced with increase in the S/B ratio. With the 
increase in S/B ratio, the concentrations of Class 2, Class 3 and Class 4 tar 
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Chapter 6. Effect of Biomass Species on Tar Formation in 
Biomass Steam Gasification 
This chapter is based on a journal paper submitted to ‘Renewable Energy’. In this study, 
various types of biomass including corn stover, radiata pine wood and rice husk in the 
form of pellets were gasified with steam as gasification agent in a 100kW dual fluidised 
bed gasifier. Tar formation in the initial devolatilization stage and its effect on the final 
tar concentration in the producer gas were investigated. In addition, the yields and 
composition of the producer gas for each type of biomass were also examined. In the 
gasification experiments, operation temperature was controlled, respectively, at 700°C 
and 800°C. Silica sand was used as the bed material with an inventory of 30kg. For 
simulation of the initial devolatilization stage in the steam gasification, N2 was used as 
fluidisation agent. 
 
From this study, it is found that there was a positive correlation between tar contents 
in the devolatilization product gas and tar contents in the final producer gas from 
gasification. In the devolatilization stage, radiata pine wood yielded more toluene, 
while corn stover generated more phenol and rice husk was between these two types of 
biomass. From these results, the tar formation mechanism was proposed which 
confirms that more naphthalene was present in the producer gas from gasification of 
radiata pine wood while gasification of corn stover had more biphenyl. The 
experimental results also showed that at gasification temperature of 700°C, the 
producer gas yield was the highest for corn stover followed by rice husk and then 
radiata pine wood. However, for gasification at 800°C, the trend was reversed with 
radiata pine wood having the highest yield followed by risk husk and the corn stover. 
At both 700 and 800°C, the radiata pine wood produced a producer gas with higher 
contents of H2 and CH4 while the producer gas from rice husk had higher content of 
CO and that from corn stover had higher content of CO2, C2H4 and C2H6. Chemical 
composition of each biomass was analysed which shows that, among the three types of 
biomass, radiata pine wood had higher content of lignin (32.0 wt.%), rice husk had 






Recently, extensive research has been conducted to optimise and commercialize 
biomass gasification technology for production of hydrogen-rich syngas [1-3]. The 
biomass is widely available [4] and a key renewable feedstock for the future energy 
production [5]. The key advantage of gasification technology is the high efficiency (70-
80%) of converting a solid fuel into a gas which provides flexibility for it to be used for 
various energy products [6]. However, during the gasification process, part of the fuel 
is transformed into condensable tar compounds [7-9] which is one of most problematic 
by-product in biomass gasification processes. The tar compounds exist in the vapour 
phase in the gasifier but condense into liquid droplets while being cooled in gas 
transportation and in downstream processing. Once condensed, the tar may block the 
pipes and valves, and contaminates the processing equipment. Therefore, tar is one of 
the technical issues that hindered the commercialization of biomass gasification 
technology [10].  
 
To avoid tar formation and eliminate tar components during biomass gasification, some 
tar removal technologies have been developed [11-14] which can be characterized by 
two approaches: (i) primary method – tar reduction inside the gasifiers, and (ii) 
secondary method – post-gasifier tar removal [15]. Although tar elimination after 
gasification is necessary to achieve the gas purity required by the downstream 
processing, it increases operating costs and reduces the overall efficiency of the 
gasification process [16]. The objective of this project was to understand and reduce tar 
formation (convert tars into lighter gases) during biomass gasification. 
 
Tar formation is the result of a series of complex chemical reactions and molecular 
structure change. Tar concentration and composition in the gas product are dependent 
on the operational conditions, gasifier type, bed material used and biomass type. It has 
been reported that tar-cracking reactions are endothermic [16-21]. Therefore, 
increasing operation temperature is expected to promote the racking reactions thus 
decreasing tar concentration in the producer gas. Meanwhile, using steam as 
gasification agent has been observed to favour the tar reforming reactions [20]. 
Feedstock properties have noticeable effects on the tar formation. Different biomass 
materials can have different chemical compositions for cellulose, hemicellulose and 
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lignin. The difference in chemical composition and nature of these three components 
can also significantly affect tar characteristics [22]. Fundamental studies have been 
conducted on tar formation in gasification of both biomass and individual components 
of the biomass [23-26]. From these studies, it has been found that cellulose, 
hemicellulose and lignin have different thermal stability upon heating thus behave 
differently during gasification. Cellulose starts to decompose between 300°C and 
400°C [27]. Hemicellulose is decomposed at relatively lower temperatures between 
250°C and 350°C due to its lower thermal stability than cellulose. Hemicellulose yields 
more non-condensable gases and fewer tar compounds than the cellulose [24]. Lignin 
is thermally more stable than both the cellulose and the hemicellulose and it is not 
completely decomposed until 700°C [28, 29]. In Basu’s report [30], pyrolysis of lignin 
produces about 55% char, 15% tar, 20% aqueous components and about 12% gases. 
The above differences can be tracked to the chemical structures of these three main 
components. Cellulose contains more OH and C-O chemical groups, hemicellulose has 
a higher proportion of C=O compounds [31, 32], while lignin was reported to be rich 
in methoxyl-O-CH3, C-O-C and C=C chemical groups [33].  
 
Most of previous studies were conducted for individual components of the biomass and 
using thermo-gravimetric analyser (TGA) and bench-scale batch gasification reactor 
[25, 26, 34, 35]. This approach is useful to understand and describe the gasification 
kinetics and tar formation. However, the results from these studies may be quite 
different from those in gasification of biomass at large scale continuous reactors. In 
gasification of biomass at a large scale reactor, the interaction of the three biomass 
components and combination of the tar compounds from the individual components 
would result in different tar yield and composition in the producer gas. In order to 
investigate the effect of potential interaction of cellulose and lignin, studies were 
reported on pyrolysis and gasification of both individual and combined cellulose, 
hemicellulose and lignin [36, 37]. However, limited research has been reported on the 
tar formation and tar composition from gasification of biomass in a pilot-scaled 
continuous gasification reactor. 
 
In this part of study, experiments were conducted on gasification of three types of 
biomass in a pilot scaled system, a 100kW dual fluidised bed steam gasifier. Effects of 
biomass type have been investigated on tar yields and tar composition during the 
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gasification process. Chemical compositions of the biomass have also been analysed 
which results can be linked to the tar formation and tar composition. 
 
6.2. Experimental and materials 
6.2.1. Materials and chemical analysis 
In the present study, three types of biomass, including rice husk, corn stover, and radiata 
pine wood (pine), were used as the feeding fuel for the experiments. The biomass was 
in the form of pellets of 10-15 mm long and 6 mm in diameter. Pellets of rice husk were 
provided by a company in Indonesia. Corn stover was supplied by a local farm in New 
Zealand which was processed to pellets in our laboratory. Pellets of pine were 
purchased from a local retailer in Christchurch, New Zealand. 
 
Before the gasification experiments, samples of each type of biomass were sent to a 
commercial lab for proximate analysis and ultimate analysis, and the results are 
presented in Table 6-1. In addition, chemical composition of each biomass was also 
determined. The lignin content was measured based on TAPPI Standard methods, and 
the holocellulose (cellulose and hemicellulose) was tested by the modified method from 
Pettersen [38]. The results on the composition of these three feedstocks are shown in 
Fig. 6-1. By comparing these three types of biomass, it is found that corn stover is rich 
in cellulose (69.9 wt.%), pine has the highest content of lignin (32.0 wt.%), and rice 
husk has the highest content of hemicellulose (25.3 wt.%). 
 
6.2.2. Equipment and procedures 
Experiments were conducted on a 100kWth dual fluidised bed (DFB) gasifier with 
steam as gasification agent. The details of DFB gasifier and the operating procedures 
have been described in Chapter 3. N2 was introduced into the BFB column as a 
fluidisation agent instead of steam in order to investigate the devolatilization 
performance in the DFB gasifier. In experiments, chute and siphon were both fluidised 
with controlled N2 to enhance the bed material flow and to prevent cross-flows of gases 
between the two columns. The operation conditions of the gasification experiments in 
the present study are given in Table 6-2. In this study, the sampling and analysis 




Table 6-1. Results of proximate and ultimate analysis of the three types of biomass 
species. 






Proximate (%)  
(received basis) 
Method         
Total moisture  ISO5068  
 
10.4 8.9 8 
Volatile matter ISO 562  
 
73.3 52.5 77.4 
Fixed carbon  By difference  12.2 20.6 14.2 
Ash ASTM D1102  4.1 18 0.4 
      
Ultimate (%) 
(Dry basis) 
          
Carbon  Microanalytical  48.5 38.5 51.3 
Hydrogen  Microanalytical  6.2 5.2 5.8 
Nitrogen  Microanalytical  1.1 0.5 <0.2 
Sulphur  ASTM D4239  0.03 <0.1 <0.1 
Oxygen  By difference  44 34.7 42.6 
      










Fig. 6-1. Cellulose, hemicellulose and lignin contents in three types of biomass. 
 
Table 6-2. The operating conditions of the present study on the DFB gasifier. 
Test    Devolatilization  Gasification 
Bed Material  (kg) 30 
Gasifier temperature  (°C) 700, 800 
Combustor temperature  (°C) 750-850 
Nitrogen to BFB  (Nm3/h) 6.2 - 
Nitrogen to Chute  (Nm3/h) 1.6 - 
Nitrogen to Siphon  (Nm3/h) 2.1 - 
Steam to BFB  (kg/h) - 7.0 
Steam to Chute  (kg/h) - 2.0 
Steam to Siphon  (kg/h) - 1.5 
S/B ratio  
 
- 0.89 
Corn stover  (kg/h) 15.8 
Rice husk  (kg/h) 18.5 
























Cellulose Hemicellulose Lignin Extractives
128 
 
6.3. Results and discussion 
6.3.1. Gas product 
For comparing the difference between biomass types, the producer gas yield was 
determined as the mass yield of the producer gas per kg of dry and ash-free biomass, 
which was determined as sum of volumetric yields of all gas species (H2, CO2, CO and 
CH4) times their corresponding standard densities in the producer gas. The results for 
the three types of biomass at the gasification temperatures of 700°C and 800°C are 
shown in Fig. 6-3. From this figure, it can be seen that at 700°C, the producer gas yield 
was 0.58 kg/kgdaf for corn stover, 0.55 kg/kgdaf for rice husk and 0.54 kg/kgdaf for pine. 
However, at 800°C, the producer gas yields were increased for all of the biomass 
species, and the pine had the highest gas yield (0.81 kg/kgdaf) followed by rice husk 
(0.78 kg/kgdaf). The gas yield for corn stover was the lowest at 0.63 kg/kgdaf. It is known 
that high temperature favours the producer gas generation. However, effects of the 
gasification temperature varied with biomass species which can be attributed to 
differences in biomass chemical composition (cellulose, hemicellulose and lignin) as 
measured in this study. 
 
 
Fig. 6-2. Yields of producer gas in the gasification of corn stover, rice husk and pine 



























From these findings, it indicated that the cellulose and lignin content in the biomass 
play a different role for gasification characteristics since their thermal stability and 
cracking characterises are different. Cellulose and hemicellulose start to decompose at 
the temperature of 250-400°C [39]. Therefore, the corn stover, which contained 88% 
of combined cellulose and hemicellulose, would have released most of the volatiles at 
700°C, thus further increasing the gasification temperature had only marginal impact 
on the gas yield. On the other hand, lignin is more difficult to decompose and needs 
much higher temperature for complete decomposition. Therefore, the gasification 
temperature had a significant effect of the lignin-rich pine (31.96% lignin) and rice husk 
(26.5% lignin). It was also reported that the lignin-rich biomass would generate more 
char in the gasification [30].  
 
Table 6-3 presents result of composition and lower heating value (LHV) of the producer 
gas from gasification of three biomass species at the temperature of 700 and 800°C. 
From Table 6-3, it is seen that the CO2, C2H4 and C2H6 contents in the producer gas in 
the gasification of corn stover were significantly higher than those from gasification of 
both pine and rice husk. In contrast, the contents of H2 and CH4 from pine gasification 
were higher than those from gasification of corn stover and rice husk. Meanwhile, in 
the rice husk gasification, CO content in producer gas was the highest.  
 
The results of gas composition in this study are consistent with those reported in 
literature. Yang et al. [37] have reported that cellulose and hemicellulose with higher 
carboxyl content had higher yields of CO and CO2 as well as higher presence of 
aromatic ring and methoxyl in the volatile gas during pyrolysis which is the process of 
the early stage of gasification. Cracking and deformation of lignin at high temperatures 
released a volatile with high contents of H2 and CH4. A separate report also found that 
in the gasification process, the derivatives from cellulose decomposition were readily 






Table 6-3. Composition of producer gas from the gasification of three types of 
biomass at gasification temperatures of 700 and 800°C. 













Gas composition (mol%) 
H2  22.7 22.4 25.0  25.9 28.1 30.7 
CO  28.1 36.8 35.2 
 
28.9 37.1 36.3 
CO2  29.8 23.9 22.3 
 
26.3 18.3 16.2 
CH4  11.1 12.0 12.8 
 
10.1 11.3 12.1 
C2H4  6.9 3.8 3.7 
 
8.1 4.6 4.2 
C2H6  1.4 1.0 1.0  0.7 0.5 0.6 
Lower Heating value (MJ/Nm3) 
 
 13.4 12.9 13.2  13.7 13.4 13.6 
Cold gas efficiency (%) 
  64 61 62  65 67 69 
 
Table 6-3 also gives results of cold gas efficiency of the gasifier system and the lower 
heating values (LHV) of the producer gas which are important parameters to assess the 
gasifier performance and producer gas quality. The cold gas efficiency was defined as 
the chemical energy content in the producer gas divided by the total input energy, 
including the energy in the biomass feedstock, the supplied steam and supplementary 
LPG to the FFB column. At 700°C, the gasification of corn stover presents a higher 
cold gas efficiency (64%) because the producer gas had a high content of C2H4 and 
C2H6 and, consequently, a higher LHV. However, for gasification at 800°C, the LHVs 
of producer gas from the three types of biomass were similar (13.4 to 13.7 MJ/Nm3), 
and the pine biomass showed the highest cold gas efficiency (69%) whereas the corn 
stover had the lowest (65%). In the gasification, the pine biomass with high content of 
lignin generated more char than other biomass [24]. Therefore, more char particles were 
transferred to the FFB through the chute for combustion, which required less 




At 700°C, the gasification of corn stover presents a higher cold gas efficiency, because 
the producer gas with a high content of C2H4 and C2H6 showed a relatively high LHV. 
At 800°C, although the LHV of producer gas corn stover gasification was still the 
highest, its cold gas efficiency was the lowest. The cold gas efficiency of pine 
gasification was the largest. Since at the high temperature, lignin starts to decompose, 
it yields more char than cellulose and hemicellulose. The increase in char yield 
improved the cold gas efficiency of the gasification system as more char particles were 
transferred to the FFB through the chute for combustion, which required less 
supplementary LPG to maintain the gasification temperature. 
 
6.3.2. Tar formation and analysis 
Fig. 6-4. shows the tar yields and tar classes in producer gas from gasification of three 
types of biomass at two temperatures (700 and 800°C). The tar yield (g/kgdaf) was 
defined as the total tar concentration in the producer gas (g/Nm3) divided by the product 
gas yield per unit mass of dry and ash free fuel (Nm3/kgdaf). The tar classification has 
been described in Section 2.3 of this paper. From Fig. 6-4, it can be found that yield at 
gasification temperature of 700°C the total tar was 7.77 g/kgdaf for corn stover, 7.32 
g/kgdaf for rice husk and 7.56 g/kgdaf for pine. With increase of gasification temperature 
from 700 to 800°C, the total tar yield for all of the biomass species was decreased by 
16% to 6.4 g/kgdaf for corn stover, by 10% to 6.61 g/kgdaf for rice husk, and by 12% to 
6.67 g/kgdaf for pine. These results confirm that tar decomposition reactions (cracking 
and reforming) are endothermic and, therefore, favoured by increasing the temperature. 
However, the changes of each class tar compounds with increase in gasification 
temperature were different for each type of biomass due to the differences in molecular 
structure and proportion of the cellulose, hemicellulose and lignin in the biomass.  
 
At gasification temperature of 700°C, the yields of Class 2 tar compounds were the 
highest for all biomass species, 4.09 g/kgdaf for corn stover, 2.95 g/kgdaf for rice husk 
and 3.04 g/kgdaf for pine. However, in corn stover gasification, the yield of Class 3 
compounds was the second highest (2.09 g/kgdaf) followed by Class 4 (1.4 g/kgdaf) while 
the yield of Class 5 tar compounds was the least at 0.19 g/kgdaf. Interestingly rice husk 
and pine had a similar order of yields of tar class compounds with Class 2 being the 
second highest (2.35 g/kgdaf for rice husk, 2.19 g/kgdaf for pine) followed by Class 4 tar 
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compounds (1.66 g/kgdaf for rice husk, 1.87 g/kgdaf for pine). The yields of Class 5 tar 
compounds were again the least for these two biomass species (0.36 g/kgdaf for rice 
husk and 0.46 g/kgdaf for pine). At 800°C, the yields of Class 4 tar compounds became 
the highest for all of the three biomass species, followed by Class 2 tar compounds. In 
this case, the yields of Class 3 tar compounds were at the same level as those of Class 
5 tar compounds.  
 
Tar formation in gasification is a complex process. The gasification can be divided into 
two stages including the initial devolatilization and the subsequent gasification 
reactions. In the initial devolatilization stage with temperature ranging from 300 to 
500°C, the so-called “primary tar” is produced which is a complex mix of heteroatoms. 
When the temperature is further increased to 600°C or higher, the primary tar 
compounds decompose into lighter vapours, lower molecular weight hydrocarbons and 
substitution aromatic compounds that are more stable at the high temperature than 
aliphatic chains. At the same time, the secondary tar compounds are formed which 
consist of various molecules from mono aromatic to poly aromatic hydrocarbons (PAH) 
through polymerisation reactions [41].  
 
 
Fig. 6-3. The effect of temperature on the total tar yields and yields of each class tar 
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Based on the above analysis and chemical composition of the biomass, tar formation 
can be considered as three stages. The first stage is the formation of primary tar 
compounds in which cellulose, hemicellulose and lignin are decomposed into 
heterocyclic tar compounds and aromatic tar compounds, such as phenol, benzene and 
toluene [23]. The second stage of tar formation is the purification and conversion of 
aromatics products formed from the first stage to intact aromatic rings by cleavage of 
heterocyclic groups through dehydrogenation and dealkylation and decarboxylation 
[42]. The final stage is the growth of large PAH in which the combination of intact 
aromatic rings activates the mono-aromatic molecules to successively form the PAH 




Fig. 6-4. Proportions of various tar compound yield to total tar yield in the initial 
devolatilization at 700°C. 
 
In order to quantify tar formation in the first stage, tar samples were collected from the 
initial devolatilization in the biomass gasification and analysed using GC-FID. From 
the tar analysis, eight types of tar compounds were detected including N-based 
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biphenyl and PAH (3 and more aromatic rings). The total yields of tart compounds from 
the biomass devolatilization at 700°C were, respectively, 9.22 g/kgdaf for corn stover, 
9.85 g/kgdaf for rice husk and 12.19 g/kgdaf for pine. It is found that the yields of N-tar 
compounds were 1.15, 0.68 and 0.63 g/kgdaf, respectively, for corn stover, rice husk and 
pine. These results confirm that high yield of N-tar compounds from devolatilization of 
biomass is directly related to the N content in the biomass. Corn stover had higher 
nitrogen content than pine as presented in Table 5-1. The phenol yields in the 
devolatilization of corn stove, rice husk and pine were 4.03, 3.50 and 2.91 g/kgdaf, 
respectively, which were the major contributor to tar compounds for corn stover and 
rice husk. However, the yield of toluene was the major contributor for pine which was 
3.76 g/kgdaf. The corresponding yields for corn stover and rice husk were 1.40, 1.69 
g/kgdaf. The other key contributor to the tar compounds was naphthalene which yield 
was 1.18 g/kgdaf for corn stover, 1.69 g/kgdaf for rice husk and 1.80 g/kgdaf for pine. The 
yields of other tar compounds were variable from 0.15 to 0.67 g/kgdaf depending on the 
type of biomass. The proportions of each type of tar compounds to the total tar yield in 
devolatilization at 700°C are shown in Fig. 6-4 for the three species of biomass. 
 
The differences in the tar yields and tar compound distribution among these biomass 
species are largely attributed to the differences in monomer structure and proportion of 
cellulose, hemicellulose, and lignin of the biomass. Yu et al. [22], reported that lignin 
contains a high proportion of aromatic and methyl functional groups. Therefore, more 
PAH compounds and methyl groups (such as toluene and xylene) were formed in 
gasification of lignin-rich pine biomass. On the other hand, the monomer of cellulose 
and hemicellulose contains a larger number of hydroxyl and carboxyl groups. Therefore, 
more tar compounds containing -OH groups (such as phenols) were generated in the 





Fig. 6-5. Proportions of various tar compound yield to total tar yield in the final 
gasification stage at 700°C. 
 
The intermediate tar compounds generated from the initial devolatilization were logical 
precursors for the cracking of existing tar compounds and the formation of new tar 
compounds in the subsequent gasification process. From the results of gasification 
experiments at 700°C, it is observed that the yields of N-based tar compounds, phenols, 
toluene and styrene were reduced while the yields of other tar compounds were 
increased. However, the total tar yields were all reduced at different levels, by 21% to 
7.26 g/kgdaf for corn stover, by 25% to 7.35 g/kgdaf for rice husk and by 37% 7.66 g/kgdaf 
for pine. Fig. 6-5. shows the changes in yield of each type of tar compounds through 
the final gasification process following the initial devolatilization at the same 
temperature of 700°C.  
 
The PAH compounds in pine gasification were increased from 0.71 to 1.26 g/kgdaf 
which could be formed from toluene as precursor. While, in the gasification of corn 
stover, phenol, which was reduced from 4.03 to 2.23 g/kgdaf, could be the precursor to 
form new PAH compounds, which was increased from 0.28 to 0.41 g/kgdaf. From Fig. 
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toluene) in were consumed as the precursor for the formation of PAH, biphenyl and 
naphthalene. This supports the observation that the yield of naphthalene was 
significantly increased (from 1.8 to 2.9 g/kgdaf) for lignin-rich pine while the yield of 
biphenyl was the highest for cellulose-rich corn stover, increasing from 0.45 to 1.25 
g/kgdaf through gasification. 
 
Based on the above finding, tar formation mechanism can be considered as two 
pathways with the different precursor as shown in Fig. 6-6 for precursor of toluene and 
in Fig. 6-7 for precursor of phenols. In Fig. 6-6, benzene (C6H6) is formed by the 
cleavage of alkyl groups (CH3+) attached on toluene (C7H8) via dealkylation reaction. 
Then, phenyl (C6H5) is generated by losing the H+ radical from the benzene. After this, 
a combination of two phenyls ring leads to biphenyl (C12H10). Finally, phenanthrene 
grows by the H2-abstraction-C2H2-addition sequence from biphenyl, in which H-
abstraction activates the aromatic molecules, and acetylene addition propagates 






Fig. 6-6. The mechanisms of tar formation with a precursor of toluene. 
 
Fig. 6-8 elucidate s the formation of PAH tar compounds with phenols as precursor. In 
the pathway, phenol is cracking by losing CO to form cyclopentadiene (C5H6). Then, 
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cyclopentadienyl (C5H5) produces through losing H radicals from cyclopentadiene. 
After this, naphthalene (C10H10) is formed by the combinations of two 
cyclopentadienyls. Naphthalene loses H radical and carbon into indenyl (C9H8) under 
the reaction (C + H2O → CO + H2). Finally, phenanthrene (C14H10) is formed when 







Fig. 6-7. The mechanisms of tar formation with a precursor of phenols. 
 
6.4. Conclusions 
In this paper, three biomass species of corn stove, rice husk and radiata pine wood have 
been tested on a 100 kWth dual fluidised bed gasifier with steam as gasification agent. 
Effects of biomass species on producer gas yields, gas composition and tar yields have 
been investigated. Chemical composition of each biomass has been analysed, and the 
results are used for fundamental understanding of the tar formation process. It is found 
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that corn stove is rich in cellulose, rice husk contains a high content of hemicellulose 
and pine wood has a high content of lignin. These differences are the key contributors 
to the differences in producer gas yield, gas composition and the yields of tar 
compounds. Changes of tar compounds from initial devolatilization to the final 
gasification have been examined, and mechanisms of tar formation are proposed. 
 
Key findings from the present studies are: 
 As reaction temperature increased, the producer gas yields were increased for all 
three biomass species. At 700°C, the yield of producer gas is the highest for corn 
stover followed by rice husk and pine wood has the lowest gas yield. In contrast, 
at 800°C, the gas yield for pine wood is the highest followed by rice husk and then 
corn stover. By comparing the producer gases from gasification of the three 
biomass species at both 700 and 800°C, the contents of H2 and CH4 are higher from 
gasification of pine wood, the content of CO is higher from gasification of rice 
husk while contents of CO2, C2H4 and C2H6 are higher from gasification of corn 
stover. 
 
 Tar formation is a complex process and can be divided into three stages: (1). 
Formation of primary tar compounds, (2). tar reforming, and (3). tar polymerisation. 
Eight types of tar compounds have been detected both in the devolatilization and 
final gasification, which are N-based compounds (pyridine and quinoline), phenol, 
toluene, styrene, xylene, naphthalene, biphenyl and PAH (3 and more aromatic 
rings). During the initial devolatilization stage of gasification, pine wood generates 
more toluene while both corn stover and rice husk produce more phenols. In the 
final gasification process, the yields of N-based tar compounds, phenols, toluene 
and styrene are reduced while the yields of other tar compounds are increased. Two 
reaction pathways are proposed including, one with toluene as precursor and the 
other with phenols as precursor. The total tar yields for all of the biomass species 
are significantly reduced through the final gasification process.  
 
 Tar yields are reduced with increase in gasification temperature for all of the 
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Chapter 7. Effect of Catalytic Bed Materials on Tar Formation 
and Gas Yields in Steam Gasification of Biomass 
 
This chapter presents experimental studies on the effect of bed materials in steam 
gasification of woody biomass in a pilot scale a dual fluidised bed (DFB) gasifier. The 
selected bed materials were silica sand, calcined olivine, Woodhill sand and limestone-
silica blends (50-50 wt.%). Experiments were conducted at operation temperatures of 
700, 750 and 800°C. Radiata pine wood pellets were used as the biomass feedstock, 
and the steam to biomass ratio maintained constant at 0.89. The bed material inventory 
was 30kg. 
 
The results of this study show that all of the bed materials except for silica promoted 
H2 production in biomass gasification. At 700°C, the H2 concentration was 19% in the 
producer gas with silica sand, and this was increased to 25% with calcined olivine, 26% 
for Woodhill and 44% for limestone-silica blends. The increased H2 concentration is 
believed to be due to the favoured water-shift reaction towards the hydrogen production. 
Catalytic effects of the bed materials on tar decomposition were also investigated. It 
was found that, in comparison with silica sand, the tar content was reduced by 24%, 




In dual fluidised bed (DFB) gasification of biomass, selection of bed material is 
important as, in addition to the function of heat transfer medium, it can also provide 
catalytic effects on the gasification reactions [1]. The natural minerals containing 
oxides of Ca, Fe, Al and Mg are considered as the potential catalytic bed materials in 
the biomass steam gasification [2], which can promote steam-char gasification, water-
gas-shift and steam reforming reactions and enhance tar cracking and reforming [3].  
 
Among these potential catalytic bed materials, the natural iron mineral such as olivine 
has the chemical structure of ((Mg, Fe)2 SiO4) and thus has been applied for biomass 
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gasification [4]. Since iron is potentially effective in different oxidation states in the 
gasifier, metallic iron is known to be an active species for aromatic hydrocarbon 
destruction through the C–C and C–H bond breaking [5]. Some studies [6-8] have found 
that the olivine sand has apparent catalytic activity on cracking and reforming of tar 
and enhanced steam and dry reforming of hydrocarbons. In a separate study, Göransson 
et al. [9] applied the olivine sand as the bed material in biomass gasification and 
investigated its reactivity during recycling. It was found that in the environment of 
combustion, olivine reacts with oxygen and decomposes to iron oxide (Fe2O3), 
magnesium silicate and silica oxide, as shown in Eq. (7-1). In the gasifier, Fe2O3 
converted from olivine reacts with hydrocarbons and is then reduced to FeO as 
described by Eq. (7-2). When FeO is transferred from the gasifier to the combustor in 
the DFB gasification system, it is oxidized back to Fe2O3 as shown in Eq. (7-3). In 
addition, those iron species take place in the redox equations of the water gas shift 
reaction [10]. This iron reintegration can be described as Eq. (7-4) and Eq. (7-5). 
Therefore, olivine can be pre-treated by calcination to increase the Fe3+ concentration 
on the olivine surface for increasing better catalytic activity. 
 
((Mg, Fe)2 SiO4) + O2 → Fe2O3 + SiO2 + Mg2SiO4                                                  (7-1) 
Fe2O3 + CxHy → FeO + CO2 + H2O                                                                          (7-2) 
FeO + O2 → Fe2O3                                                                                                     (7-3) 
Fe2O3 + CO ↔ FeO + CO2                                                                                       (7-4) 
FeO + H2O ↔ Fe2O3 + H2                                                                                        (7-5) 
 
 
In DFB gasification of biomass, limestone is another promising catalytic bed material 
as well as an excellent in situ CO2 removal sorbent through a cycling of carbonation 
and calcination. Reported studies [11-13] have demonstrated that the limestone 
undergoes two steps: (1) carbonation in the gasification reactor where CaO and CO2 
react to form CaCO3 as described by Eq. (7-6); and (2) calcination in the high 
temperatures combustor where CaCO3 decomposes to CaO and CO2. Therefore, in 
effect CO2 is transferred from the gasification reactor to the combustor. In addition, 
with a CO2 reduction in the gasification reactor, water–gas shift reaction is promoted 
thus more H2 is generated. This is confirmed in previous experimental studies in which 
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H2 contents of up to 75% in the producer gas were achieved while the tar concentration 
was reduced to 2 g/Nm3 [14-16].  
 
CaO + CO2 ↔ CaCO3                                                                                               (7-6) 
 
The objectives of this part of study were to investigate the catalytic effects of three 
types of bed materials using a pilot scale DFB gasifier for biomass steam gasification 
and to compare the results with those by using inert silica sand. Producer gas 
composition and tar content in the producer gas have been measured and analysed. 
 
7.2. Experiment Setup and Materials 
7.2.1 Bed material characterization and fuel properties  
Four types of naturally occurring sands were selected as bed materials, which were 
silica sand, calcined olivine sand, Woodhill iron sand and limestone-silica sand blends. 
As an inert bed material, silica sand was used as the control. All of the bed materials, 
except for the olivine sand, were purchased from a New Zealand supplier. The chemical 
composition and mechanical properties of these bed materials are given in Table 7-1 
and Table 7-2.  
 
The olivine sand, sourced from Austria, is characterised by its high content of (Fe Mg) 
SiO4 and once received, it was pretreated by calcination at 1100°C for 4 hours to 
increase the free iron (III) concentration. Woodhill iron sand has the similar chemical 
composition compared to the olivine sand, but it contains more Ca and Al. Limestone 
sand is CaO based material. Considering that the limestone has high attrition rate, 
















iron sand Limestone 
SiO2 99.29 38.19 56.57 0.73 
TiO2 0.07 0.01 1.81 0.01 
Al2O3 <0.2 0.26 9.45 0.2 
Fe2O3 0.05 9.21 11.78 0.12 
MnO <0.1 0.15 0.3 0.01 
MgO <0.005 50.4 6.86 0.22 
CaO 0.003 0.71 9.07 55.11 
Na2O <0.1 0.14 1.89 0.1 
K2O 0.001 <0.01 0.9 0.02 
P2O5 <0.01 0.01 0.12 0.01 
LOI* 0.6 0.1 1.25 44.5 
*: Loss on Ignition (LOI) represents the volatile components such as hydrated water, 
carbonate and carbon present in those sands. 
 
Table 7-2. Physical properties of the bed materials used in this study.  





Iron Sand Limestone 
Particle 
Density (g/cm




(m2/g) 0.29 0.24 2.14 0.23 
BJH Pore 
Volume (cm
3/g)  500 300 2650 200 
Particle 





Pellets of radiata pine wood were purchased from a New Zealand supplier and used as 
the biomass feedstock for the experiments. The pellets are cylindrically shaped with a 
diameter of 6 mm and lengths of 12-20 mm. The moisture content of the wood pellets 
was 8%. Before experiments, proximate and ultimate analyses were performed on the 
wood pellets, and the results have been given in Table 4-2 from Chapters 4. 
 
7.2.2 Experiment setup, operation conditions and sampling methods 
In the present study, experiments were conducted in the 100kW dual fluidised bed 
steam gasifier, which has been described in Chapter 3. The steam feeding rates to BFB, 
chute and siphon were set at constant values of 7.0, 2.0 and 1.5 kg/h, respectively. The 
wood pellet was fed at a constant feeding rate of 14.2 kg/h. Therefore, the steam to 
biomass ratio maintained at a constant of 0.89 while the steam also includes the 
moisture in wood pellets. The operation conditions of the gasification experiments are 
given in Table 7-3 which were the same for all of the experiments. The sampling and 
analysis methods for producer gas and tar have also been given in Chapter 3. 
 
 
Table 7-3. Operation parameters and conditions for the experiments. 
Parameter Unit  
Feeding rate of wood pellet kg/h 14.2 
Steam Kg/h 10.5 
Steam/Biomass ratio  0.89 
BFB temperature °C 700, 750, 800 
CFB temperature °C 750 ~ 850 
Pressure kPa 101 
Bed material inventory kg 30 
 
7.3. Results and discussion  
Experiments were conducted for steam gasification of wood pellets of radiata pine in 
the 100kW DFB gasifier using various types of bed materials at operation temperatures 
of 700, 750 and 800 °C, respectively. The bed materials included olivine sand, Woodhill 
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sand and blends of limestone and silica sand as well as silica sand as a control. It is well 
known that the producer gas composition and tar concentration in the producer gas are 
influenced by gasification temperature through a series of chemical reactions. These 
chemical reactions during the gasification process have been described in Chapter 2. 
 
7.3.1. Producer gas composition and yield 
The variations in the producer gas yield as a function of bed material with a temperature 
range of 700 to 800°C are shown in Fig. 7-1. It can be seen from Fig. 7-1 that the 
producer gas yield was increased with an increased temperature for all four tested bed 
material. As observed, silica sand had the lowest yield of producer gas of 7.4 Nm3/h at 
700°C, 9.2 Nm3/h at 750°C and 12.1 Nm3/h at 800°C. For other three catalytic bed 
material, Woodhill sand gave the highest gas yield of 10.8 Nm3/h at 700°C, but the 
limestone-silica blends presented the highest gas yield 13.9 Nm3/h at 750°C while the 




Fig. 7-1. The producer gas yield at different gasification temperatures for four 
different bed materials. 
 
Fig 7-2 illustrates the effect of temperature on the concentrations of H2 (Fig. 7-2a), CO 
(Fig. 7-2b), CO2 (Fig. 7-2c) and CH4 (Fig. 7-2d) in the producer gas by using different 






























calculated based on the gas compositions from micro-GC. For the silica sand and iron-
rich sand, the concentrations of H2 and CO in the producer gas were increased with 
temperature, while the concentrations of CO2 and CH4 were reduced. It is believed that 
high temperature enhances both steam-char reaction and tar reforming reaction to 
release H2 production. In addition, Franco et al. [17] indicated that the presence of steam 
favoured that water gas shift (WGS) reaction, leading to an increase in H2 production. 
However, WGS reaction is exothermic, the rise in temperature favours the reaction 
toward the reverse direction for CO formation. Furthermore, the endothermic 
Boudouard reaction favours the CO formation with an increased temperature. Therefore, 
CO concentration increased with the temperature. In the meantime, the CO2 
concentration decreased with increase in temperature for all bed materials except for 
the limestone-silica blends. The decreasing CH4 concentration with increasing 
temperature could be due to the effect of the Methanation reaction coupled with the 
steam methane reforming. Methanation is an exothermic reaction which favours the 
backward reaction with increasing temperature. Meanwhile, high temperatures promote 
steam methane reforming, and thus both mechanisms decrease methane formation. 
These results in the present study were found to be similar those of reports in the 
literature [18, 19].  
 
However, limestone-silica blends exhibited the different trends in the concentration of 
H2, CO and CO2. As the gasification temperature increased, the concentration of H2 in 
the producer gas was firstly increased from 44.1 % to 46.7 %, and then dropped to 
45.2%. The CO concentration was increased from 14.2 % to 18.6 %, a similar trend on 
CO2 was also observed, which rose from 14.6 % to 17.6 %. It can be explained by the 
CO2 capture through the carbonation reaction in BFB, the increased gasification 
temperature in BFB inhibits the forward the CO2 absorption [20]. Accordingly, the 
increasing CO2 content coupled with high temperature resulted in the reversible WGS 
reaction toward the direction of CO formation. This result is in agreement with the work 
of Weerachanchai et al. [21]. 
 
As observed, the type of bed material had a strong influence on the concentration of 
each gas species in the producer gas during the gasification process. From Fig. 7-1(a), 
silica sand provided a lowest H2 concentration of 19.0% at 700°C, 23.8% at 750°C and 
28.9 at 800°C. On the contrary, the largest H2 concentration was obtained from the 
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gasification by using limestone-silica blends as the bed material, which was 44.1% at 
700°C, 46.7% at 750°C and 45.2% at 800°C. Fig. 7-2(b) shows the influence of bed 
materials on CO concentration. The highest CO concentration was generated from the 
gasification by using silica sand, which was 25.1% at 700°C, 27.5% at 750°C and 28.2 
at 800°C. By using iron-rich sand and limestone-silica blends, a lower CO 
concentration was obtained, for example at 800°C it was 25.3% for olivine, 24.1% for 
Woodhill sand and 18.6% for limestone-silica blends, respectively.  
 
From Fig. 7-2(c), it can be seen that the CO2 concentrations in the use of olivine sand 
and Woodhill sand were different from those using limestone-silica blends as the bed 
material. At 700°C, the CO2 concentration in the producer gas for silica sand was 20.4%. 
When iron-rich sands were used, the CO2 concentration increased to 23.5% and 23.1%, 
respectively, for using olivine sand and Woodhill sand. Due to the CO2 capture by using 
limestone bed material, the lowest CO2 concentration was obtained at all three tested 
temperatures, which was 14.6% at 700°C, 15.0% at 750°C and 17.6% at 800°C. Fig. 7-
2 (d) presents the variation of CH4 concentration as a function of temperature for using 
different bed materials. The CH4 concentration for silica sand at 700°C was 12.9%. 
However, this was reduced to 11.6% for olivine sand, to 12.2% for Woodhill sand and 





































































































Fig. 7-2. The variation of gas composition of H2 (a), CO (b), CO2 (c) and CH4 (d) 
with two gasification temperature for four different bed materials. 
 
The results as shown in Fig. 7-2 are re-organised as concentration ratios of H2/CO, 
H2/CO2 and CO/CO2 (mol/mol), and the results are illustrated, respectively, in Figs. 7-
3(a) to 7-3(c). From these figures, it was found that the H2/CO, H2/CO2 and CO/CO2 
ratios for silica sand and iron-rich sand increased with an increase in gasification 
temperature. These results are in agreement with those reported by other researchers [6, 
22]. However, in the case of limestone-silica blends, the effects of temperature on these 
three ratios were different. As the temperature increased, the H2/CO ratio was reduced, 
while both the H2/CO2 and CO/CO2 ratios were increased first and then dropped 
significantly. 
 
These results demonstrated that these bed materials have different catalytic effects on 
the WGS reaction, which is considered to contribute most significantly to the changes 
in specific gas composition [23]. The fact that the highest H2 content in the producer 
gas for using limestone-silica blends exhibits the largest ratio of H2/CO and H2/CO2 at 
the same temperature. For example, at 700°C, the ratio of H2/CO2 is 3.1 for the 
limestone-silica blends, 1.22 for the Woodhill sand, 1.11 for the olivine sand and 0.75 
for the silica sand. These results are in agreement with those reported by Saw and Pang 
[12], that the change in these ratios was dependent on the CaO loading in the system. It 
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by CaO in BFB as shown in Eq. (7-6), which favours the forward direction in the WGS 
reaction [11, 24]. However, the deactivation of CaO sorbent at the high temperatures 
resulted in reduction of both H2/CO and H2/CO2 ratios.  
 
In the case of iron-rich sands, iron oxide in the bed material is active on the WGS 
reaction in forwarding direction for generation of hydrogen and carbon dioxide. 
Therefore, compared to silica sand, a higher H2/CO ratio and a lower CO/CO2 ratio 
were obtained when iron-rich sand was used. In addition, these two ratios by using 
olivine sand were lower than those by using Woodhill sand at 700°C. However, as the 
temperature increased, the ratios of H2/CO and CO/CO2 by using olivine sand were 
higher than those by using Woodhill sand. These variations may be attributed to the 
chemical composition of the bed materials between olivine sand and Woodhill sand. 
From Table 7-1, it can be seen that Woodhill sand contains more CaO, while olivine 
sand has more MgO. In a study of Di Felice et al. [25], it is reported that an increased 
temperature accelerated the reduction rate of Fe3+ → Fe2+ in the Fe-CaO substrate rather 
than that in the Fe-MgO substrate. Therefore, the CO2 production from olivine sand 
























Fig. 7-3. The influence of bed material and temperature on the ratios of H2/CO (a), 
H2/CO2 (b), CO/CO2 (c) in the producer gas.  
 
7.3.2. Tar composition and concentration  
The influence of bed material and temperature on tar yield and tar composition is shown 
in Fig. 7-4(a) for gasification temperature of 700°C, in Fig. 7-4(b) for 750°C and in 
Fig.7-4(c) for 800°C. The tar compounds presented in Fig. 7-4 include all of the tar 
classes from light to heavy measured by the GC-FID. Each data presented here was the 
average value of three repeated measurements. From Fig. 7-4, it is found that the 
temperature has significant influence on the tar yield and tar composition. The total tar 
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all tested bed materials. With the temperature increase from 700 to 800°C, total tar 
concentration reduced by 21% from 15.8 g/Nm3 to 12.4 g/Nm3 for silica sand, by 34% 
from 11.7 g/Nm3 to 7.7 g/Nm3 for olivine sand, by 27% from 10.9 g/Nm3 to 8.0 g/Nm3 
for Woodhill sand, finally by 38% from 8.1 g/Nm3 to 5.0 g/Nm3 for limestone-silica 
blends.  
 
It is observed that at the gasification temperature of 700°C with comparison with the 
silica sand, the use of limestone-silica blends reduced the total tar concentration by 49%. 
While two iron-rich sand showed similar behaviours, the reduction of total tar 
concentration was 26% for olivine sand and 31% for Woodhill sand, respectively. 
Apparently, limestone is more reactive than iron-rich sand with respect to tar 
decomposition due to the steam reforming of tars in the presence of CaO [26]. This 
phenomenon is in agreement with the other published works [27, 28]. Woodhill sand 
also shows a greater effect on tar decomposition than olivine sand, since it contained a 
high proportion of CaO as shown in Table 7-1.  
 
At the gasification temperature of 800°C, the reduction of total tar concentration was 
38% for olivine sand, 36% for Woodhill sand and 55% for limestone-silica blends as 
compared with silica sand. It is believed that the tar decomposing activity of iron-rich 
sand is increased at the high temperatures. In fact, the iron oxide content in iron-rich 
sand favours the tar reforming reaction as shown in Eq (7-2), which is enhanced by the 
rising temperature [29, 30].  
 
The results in Fig. 7-4 also show the effects of catalytic bed material on tar composition 
































































Fig. 7-4. The variation of tar concentration with four different bed materials at two 
different gasification temperatures of (a) 700°C, (b) 750°C and (c) 800°C. 
 
7.3.2.1. Class 2 tar compounds 
The concentrations of major tar compounds in Class 2 tar are shown in Fig. 7-5 for 
gasification temperature of 700°C. In the figure, the influence of bed material on the 
concentrations of phenols, m-cresol and o-cresol are presented. The results in Fig. 7-5 
showed that with use of catalytic bed materials, the phenols could be effectively 
decomposed into gas and other lighter tar compounds. The limestone is the most 
effective bed material to crack other compounds as well. For example, in comparison 
with silica sand, the concentration of phenols was reduced from 4.2 g/Nm3 to 2.6 g/Nm3 
by using the olivine sand, to 2.3 g/Nm3 for Woodhill sand and to 1.9 g/Nm3 for 
limestone-silica blends. Moreover, it is remarkable that by application of the limestone-
silica blends, the concentrations of m-cresol and o-cresol were reduced approximately 
by 50%. However, the reduction rates of m-cresol and o-cresols concentrations for 






























Fig. 7-5. The influence of catalytic bed material on major Class 2 tar compounds in 
the producer gas at the gasification temperature of 700°C. 
 
7.3.2.2. Class 3 tar compounds 
Fig. 7-6 shows the effect of bed materials on major Class 3 tar compounds (toluene, 
styrene and xylene) at gasification temperature of 700 °C. In the case of silica sand as 
the bed material, the concentrations of toluene, styrene and xylene were 1.5 g/Nm3, 0.6 
g/Nm3 and 0.7 g/Nm3, respectively. By using the limestone-silica blends, the 
concentrations of these compounds were decreased by 55% to 0.68 g/Nm3 for toluene, 
46% to 0.31 g/Nm3 for styrene and 58% to 0.28 g/Nm3 for xylene. The reduction rates 
of major Class 3 tar compounds for using iron-rich sands as the bed material were less 
than those using limestone-silica blends. For example, using olivine and Woodhill 
sands, the toluene concentrations were reduced by 28% to 1.08 g/Nm3 and by 38% to 
0.92 g/Nm3, respectively. It is anticipated that the formation of Class 3 tar compounds 
is complex, which can be produced from devolatilization of biomass in the initial 
gasification stage and from the decomposition of Class 2 tar compounds [31]. In the 
same time, Class 3 tar compound may also act as precursors for the Class 4 tar 




























Fig. 7-6. The influence of catalytic bed material on major Class 3 tar compounds in 
the producer gas at the gasification temperature of 700°C. 
 
7.3.2.3. Class 4 tar compounds 
Fig. 7-7 presents the concentrations of major Class 4 tar compounds (naphthalene, 
biphenyl, 1- and 2-methylnaphthalene, and acenaphthylene) with different bed 
materials. Among all the major C4 tar compounds, naphthalene was the major 
compound contributing to almost 50%, and it is a very stable compound. From Fig. 7-
7, it is observed that in comparison with silica sand, the concentration of naphthalene 
was reduced by 23% (from 2.11 to 1.62 g/Nm3) for using olivine sand, by 26% (to 1.56 
g/Nm3) for using Woodhill sand and by 37% (to 1.33 g/Nm3) for limestone-silica blends 
as bed material. Similar trends were also observed from Fig. 7-7 on the reduction of 
concentrations of other major Class 4 compounds using catalytic bed materials and 
these compounds include biphenyl, 1- and 2-methylnaphthalene, and acenaphthylene. 
 
From the experimental results, the overall Class 4 tar concentration was 4.15 g/Nm3 
using silica sand as bed material. This was reduced to 3.23 g/Nm3 using olivine sand, 
to 2.98 g/Nm3 using Woodhill sand and to 2.14 g/Nm3 using limestone-silica blend as 
the bed material. It is interesting to find that although the overall concentration of major 
Class 4 tar compounds was reduced by using the catalytic bed materials. The proportion 
of naphthalene in the overall Class 4 tar compounds increased from 45% for silica sand 
to 50% for olivine sand, to 52% for Woodhill sand and to 58% for limestone-silica 
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naphthalene-steam reaction was inhibited by the increase of H2 content in the producer 




Fig. 7-7. The influence of catalytic bed material on major Class 4 tar compounds in 
the producer gas at the gasification temperature of 700°C. 
 
7.3.2.4. Class 5 tar compounds 
The Class 5 tar is the most important as they have the highest tar dew point at low 
concentration and thus will condense first while the producer gas cools down. 
Fluoranthene, pyrene and benzo(a)anthracene are the major Class 5 tar compounds. The 
comparison of four different bed materials on the Class 5 tar compounds is illustrated 
in Fig. 7-8 for gasification temperature of 700°C. In a similar trend to other class tar 
compounds, the concentrations of the major Class 5 tar compounds were also decreased 
with use of the catalytic bed materials as compared to silica sand. By using olivine sand 
and Woodhill sand, the fluoranthene concentration was reduced by 29% (from 0.27 to 
0.19 g/Nm3) and by 53% (to 0.13 g/Nm3), respectively. The use of limestone-silica sand 




























Fig. 7-8. The influence of catalytic bed material on major Class 5 tar compounds in 
the producer gas at the gasification temperature of 700°C. 
 
7.3.3. Attrition and agglomeration of bed materials 
The attrition rate in a commercial scale gasification plant can induce significant costs 
for the lost bed materials. Hence, it is important to investigate the attrition rate of the 
bed material in a demonstration plant. In this part of study, the fine particles of bed 
materials were collected both from the FFB and the BFB reactors and weighed over a 
pre-set period of time when the gasifier was in normal operation. The attrition rate was 
determined as the total mass of fine particles of bed materials entrained by gases both 
from the FFB and the BFB reactors per unit time. The results for the four types of bed 
materials are shown in Fig. 7-9 for gasification temperature of 700°C. As expected, 
silica sand showed the best mechanical resistance with the lowest attrition rate of 0.59 
kg/h. The attrition rate of iron-rich sand was slightly higher than the silica sand, which 
was 0.81 kg/h for olivine sand and 0.79 kg/h for Woodhill sand. Limestone-silica blends 
had the highest attrition rate of 3.08 kg/h, which was nearly 5 times greater than silica 
sand, confirming the significant impact damage of the limestone with low mechanical 
strength. In addition, the formation of Ca(OH)2 under steam environment would further 
aggravate the calcite attrition [14]. 
 
Compared to olivine sand and Woodhill sand, limestone favoured the hydrogen 
production in the producer gas and showed a high efficiency in tar removal, however, 
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which would lead to higher consumption of the bed material and increased costs. 
Furthermore, the limestone powder from attrition may result in blockage of pipe and 
filter [34]. Considering the overall performance and potential costs, the olivine sand 
and Woodhill sand with high resistance to attrition are preferred choice for the fluidised 
bed gasifier unless high hydrogen content in the producer gas is the primary target for 
the biomass gasification.  
 
 
Fig. 7-9. The attrition rate of the bed materials in the steam biomass gasification at 
gasification temperature of 700°C. 
 
7.4. Conclusion  
In this part of study, effects of catalytic bed materials on the performance of steam 
biomass gasification were experimentally investigated in a 100kW dual fluidised bed 
gasifier at three different gasification temperatures. These bed materials include 
including calcined olivine sand, Woodhill sand and limestone-silica blends while silica 
sand was used as control. From this study, the following conclusions can be derived:  
 
(a) The catalytic bed material overall enhanced producer gas yield although the extent 
of enhancement varied with gasification temperature. At gasification temperature 
of 700°C, Woodhill sand gave the highest gas yield of 10.8 Nm3/h, however, at 






















800°C, the largest gas yield of 16.8 Nm3/h was found by using olivine sand. The 
corresponding gas yields for silica sand at these three gasification temperatures 
were, respectively, 7.4, 9.2 and 12.1 Nm3/h. 
 
(b) The catalytic bed materials also affect the producer gas composition although the 
gasification temperature is a key parameter influencing the producer gas 
composition. For iron-rich sands (olivine sand and Woodhill sand) and silica sand, 
as the gasification temperature increased, the H2 and CO concentrations increased 
while CO2 and CH4 concentrations decreased. However, by using limestone-silica 
blends as the bed material, the H2 concentration was increased from 700 to 750°C 
and then slightly decreased with further increase in the gasification temperature. In 
the meantime, the CO and CO2 concentrations were increased with increasing 
temperature. It is believed that water gas shift reaction was promoted for the 
forward direction by the catalytic bed material promoted. The limestone produced 
the producer gas with the highest H2 content due to the CO2 capture through the 
carbonation/calcination cycles. 
 
(c) The application of catalytic bed materials enhanced the decomposition of tar 
compounds. Limestone was more reactive than iron-rich sands with respect to tar 
decomposition. It is observed that at 700°C, the total tar concentration was reduced 
by 26% for olivine sand, by 31% for Woodhill sand and by 49% for limestone-
silica blends. In addition, the high temperature can promote the reactive of iron-
rich sands for tar reforming and cracking. 
 
(d) Due to a higher attrition resistance of the iron-rich sands, it is expected that olivine 
sand and Woodhill sand are preferred choice as bed materials in steam gasification 
of biomass in a fluidised-bed biomass gasifier. However, if high hydrogen content 
in the producer gas is the primary target in biomass gasification, limestone is most 
promising although strengthening of limestone needs to be investigated for 
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Chapter 8. Conclusion and Recommendation  
8.1. Conclusion 
Steam gasification in a fluidised bed reactor is one of the promising biomass conversion 
technologies. The Bioenergy Research Team at the University of Canterbury has been 
developed and constructed a 100Kw dual fluidised bed (DFB) gasifier to produce a 
hydrogen-rich producer gas. However, the presence of tar compounds in the producer 
gas limits the commercialisation of this technology. The present thesis experimentally 
investigated the performance of the DFB gasifier to better understand the tar formation 
and conversion from initial devolatilization to subsequent gasification and reduce the 
tar concentration in the producer gas. Three main tasks are developed in the present 
thesis. The first task aims to investigate the effects of operating parameters including 
temperature, residence time and steam to biomass ratio on the tar formation. The second 
task deals with the tar conversion over different biomass feedstock. And the final task 
is to investigate the influence of catalytic bed material on the tar conversion. The results 
from these three parts are intended to clarify the tar formation and conversion and to 
optimise the operating conditions reducing the tar production in the DFB gasifier. 
 
To achieve these objectives, a series of the experiments have been conducted on the 
100kW DFB gasifier to investigate the tar formation and conversions as well as 
producer gas yield and composition in biomass gasification under various operating 
conditions. Gas and tar sampling and analysis methods were conducted in the 
experiments. The gas composition was analysed through a Micro-GC, while the tar 
compounds in this study were analysed using the GC-FID and categories into 5 classes 
based on the method reported in literature. 
 
In first part of this study, tar formation and composition in the initial devolatilization of 
biomass gasification were found to be closely correlated to the producer gas quality 
from final stage of gasification. The producer gas quality parameters include tar 
concentration, tar composition, producer gas yield and gas composition. It is found that 
the tar concentrations in Class 2 to Class 5 were reduced from the devolatilization stage 
to the final stage of gasification due to cracking of some compounds. The tar compound 
distribution was also changed through tar conversion and re-polymerization. The gas 
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yield was increased and gas composition was changed from the devolatilization to final 
gasification stage towards the equilibrium of homogeneous reactions among the gas 
species. 
 
The correlations between tar and light gas compounds (PAH tar with 2 and 3 rings-CH4 
and Class 5 tar-C2 gas) were investigated. In the initial devolatilization, linear relations 
on the mass production between of light poly-hydrocarbon (PAH) tar compounds and 
CH4, and between heavy PAH tar compounds and C2 gas (C2H2+C2H4) were obtained. 
CH4 is produced from the conversion of the secondary and tertiary tar compounds. On 
the other hands, it is believed that the formation of Class 5 tar compounds is strongly 
related to the C2 light gas in the product gas due to the mechanism of H2-abstraction-
C2H2-addition sequence. Consequently, CH4, C2H2 and C2H4 could be used as 
indicators of tar production and speciation during devolatilization. 
 
In the subsequent gasification, the relation on the mass production between light PAH 
tar compounds and CH4 did not perfectly match a line since the effect steam on CH4 
and tar reforming. But a linear correlation between heavy PAH tar compounds and 
C2H2+C2H4 were still obtained. These results allow demonstrating of the tar conversion 
and transformation, which can be used for the estimation of heavy PAH tar compounds 
production in the DFB gasifier. 
 
From the experimental results, the total tar compounds reduced by 34% and 36%, 
respectively, with increased in the gasification temperature (in the range of 700-800°C) 
and residence time (from 0.19 to 0.25 s). However, the effects of these operating 
conditions on each class of tar compounds were different. With increase in the 
gasification temperature, the concentrations of Class 2 and Class 3 tar compounds were 
significantly decreased by 42% and 54%, respectively. The reduction of Class 2 and 
Class 3 tar compounds were caused either by the enhanced steam-tar reforming reaction 
or by the removal of the functional groups such as heteroatoms and methyl groups. A 
large number of aromatic ring units were produced from the dealkylation, and thus the 
formation of poly-aromatic hydrocarbon (PAH) tar compounds through dimerisation 
and cyclisation reactions were enhanced. Although some of Class 4 and Class 5 tar 
compounds were also reduced by steam-tar reforming reaction, the concentrations of 
Class 4 and Class 5 tar compounds were still increased by 25%. On the other hand, as 
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the τ increased, the concentrations of Class 2, Class 3 and Class 4 tar compounds 
decreased while those of Class 5 tar compounds were increased.  
 
For the gas composition, the concentrations of H2 and CO increased with an increase in 
the gasification temperature, but the CO2 concentrations decreased while CH4 remained 
relatively constant. With increase in gas residence time, the concentrations of H2, CO2 
and CH4 in the producer gas were increased while the CO concentration was reduced. 
 
The experimental results show that the steam to biomass (S/B) ratio had significant 
effect on tar concentration and composition as well as gas yield and composition. The 
total tar yield was reduced with increase in the S/B ratio since the steam-tar reforming 
reaction was promoted. In addition, the yields of Class 2, Class 3 and Class 4 tar 
compounds were also decreased. However, those of Class 5 tar compounds was 
increased. In the meantime, the increase of steam supply to the gasification process 
(with increase in S/B ratio) promoted the water-gas shift reaction and methane steam 
reforming reaction towards forward direction. Therefore, the H2 and CO2 
concentrations were increased but the CO and CH4 concentrations were reduced in the 
producer gas.  
 
In the second part of this study, various biomass species, including radiata pine wood, 
corn stover and rice husk, were tested as the feedstock for steam gasification. The 
chemical composition of each biomass was analysed, and the results were used for 
fundamental understanding of the tar formation process. It is found that corn stove is 
rich in cellulose, rice husk has a high content of hemicellulose and pine has a high 
content of lignin. These differences were the key contributors to the differences in the 
yields of tar compounds, gas composition and producer gas yield.  
 
Due to the different chemical composition of cellulose, hemicellulose and lignin for 
various biomass species, overall tar concentrations and distributions of tar compounds 
in the producer gas were different from gasification of various biomass species. During 
the initial devolatilization stage of gasification, pine biomass generated more toluene 
while both corn stover and rice husk produced more phenols. In the final gasification 
process, the yields of light tar compounds, such as phenols, toluene and styrene were 
reduced while the yields of PAH tar compounds (naphthalene and biphenyl) were 
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increased for three tested biomass species. In the final gasification, the producer gas 
with pine wood had high concentrations of naphthalene, while that with corn stover had 
high concentration of biphenyl. The concentration of total PAH tar compounds in the 
producer gas for pine wood was the highest followed by rice husk and then corn stover. 
Based on these results, the two reaction pathways for tar transformation were proposed, 
one with toluene as a precursor and the other with phenols as a precursor.  
 
The experimental results also show that yield and composition of producer gas were 
also affected by biomass species and this effect varied with gasification temperature. 
At 700°C, the yield of producer gas was the highest for corn stover followed by rice 
husk and pine wood. In contrast, at 800°C, the gas yield for pine wood was the highest 
followed by rice husk and then corn stover. However, at both gasification temperatures 
(700 and 800°C), the concentrations of H2 and CH4 in the producer gas were the highest 
from gasification of pine wood, the concentration of CO was the highest from 
gasification of rice husk while concentrations of CO2, C2H4 and C2H6 were greater from 
gasification of corn stover than other two species. 
 
Finally, this study has found that use of catalytic bed materials (olivine sand, Woodhill 
sand and blend of limestone and silica sand) enhanced the tar decomposition although 
limestone based bed material was the most reactive. At gasification temperature of 
700°C, in comparison with silica sand, the total tar concentration was reduced from 
15.8 g/Nm3 to 11.7 g/Nm3 for olivine sand, to 11.0 g/Nm3 for Woodhill sand and to 8.2 
g/Nm3 for limestone-silica blends. At gasification temperature of 800°C, the total tar 
concentration was reduced from 12.4 g/Nm3 to 7.7 g/Nm3 for olivine sand, to 8 g/Nm3 
for Woodhill sand and to 5.1 g/Nm3 for limestone-silica blends as compared with the 
silica sand.  
 
The catalytic bed materials also affect the producer gas composition. At the same 
operating conditions (temperature and S/B ratio), the producer gas with the limestone 
based bed material had the highest H2 content which was due to the CO2 capture through 
the carbonation/calcination cycles as well as water gas shift (WGS) reaction. The WGS 
reaction was also enhanced with the application of iron-rich sands (olivine sand and 
Woodhill sand). Therefore, the H2 concentration in the producer gas from biomass 
172 
 
gasification using these catalytic bed materials was also higher than that by using silica 
sand. 
 
The results from this study have provided new knowledge on tar formation in the initial 
devolatilization and transformation through the subsequent gasification process during 
steam gasification of biomass. Based on the information obtained, gasification 
operation conditions can be optimised to produce producer gas with low tar 
concentration (approximately 5.0 g/Nm3) and high hydrogen content, thus high calorific 
value. The optimised gasification conditions are higher temperature; longer gas 
residence time, high S/B rate and the use of catalytic bed materials. 
 
8.2. Recommendations for future work 
Although the tar concentration was minimised by using the optimum gasification 
conditions, the tar content in the producer gas is still much higher than the required 
concentration for downstream applications such as Fischer-Tropsch (F-T) synthesis (<1 
ppm) and gas turbine (0.05 – 5 g/Nm3 ). Therefore, downstream gas cleaning is needed, 
and further studies should develop efficient and cost-effective methods for tar removal 
following the gasification process. 
 
Further studies are also recommended to optimise the gasification conditions based on 
target applications of the producer gas. For example, if the producer gas is used for 
power generation, high calorific values of the producer gas should be targeted. If the 
producer gas is used for liquid fuel through Fischer-Tropsch (F-T) synthesis, H2 to CO 
ratio of 2 should be targeted. However, if the producer gas is used for pure H2 and fuel 





A. Calibration of Feeding Rate for Biomass Species 
In this part, the calibration curves on feeding rate for the pellets of radiata pine wood, 
corn stover and rice husk in 100kW dual fluidised bed gasified are shown in Figs. A-1, 
A-2 and A-3, respectively. The collect data is presented in Table A-1. 
 
 
Fig. A-1. Calibration curve of feeding rate for radiata pine wood pellet. 
 
 
Fig. A-2. Calibration curve of feeding rate for rice husk pellet. 





















Auger Motor Speed (RPM)



























Fig. A-3. Calibration curve of feeding rate for corn stover pellet. 
 
 
Table A-4. The variance of feeding rate based on the auger motor speed. 
Auger Motor Speed  Average feeding rate 
(RPM) (kg/h) 








































































B. Checklist of Gasifier Operation Procedure  









1 Let fire engineering know we need the lab facilities
2 Check blower availability (Richard Jordan or Garrick)
3 Check both LPG banks have enough fuel for run
4 Book use of boiler in workshop logbook
5 Schedule clear, clashes sorted
6 Ensure enough SPA columns are available
7 Email we want to run a test (to operators, technicians & Shusheng)
1 Measure material in flue gas particle trap
2 Measure material in BFB cyclone particle trap
3 Remove bases and measure mass of sand left in beds
4 Check syphon is clear
5 Check auger head to BFB is clear and no bridging of pellets
6 Check all viewing ports are clear
7 Check O2 Sensor lines are clear of char & ash
8 Check pressure sensors lines are clear
9 Check any bolts that have been undone are tightened 
10 H2, CO and O2 sensors have current calibration
11 Start all burners to check system
12 Wood feeder full
1 Display sign on combustion lab door
2 Unset alarm and open roller door to particle lab
3 Screw feeder connected valve closed (V13)
4 Compressed (red) air valve are open
5 Open blank pneumatic value for photocell & control valve air  (CAV5)
6 Extractor duct open for gasifier lab extraction system
7 "Extractor Fan E1 & E2" on 
8 "Fire Hood Fan" on (should read 65% or higher)
9 Safety glasses on
Pre-run checks
Gasifier Operating Procedure








1 Start computer temperature reading
2 Vent valve in particle lab D175 1/3 open and hole covered
3 Main red handled blower line valve in lab fully open
4 Check rotameter valves are closed so floats do not hit stoppers
5 BFB & Chute pneumatic hose for rotameters connected & turned on
6 Blower speed 5Hz then set to 20Hz
7 Check the blower temperature ensure below 70°C
8 Turn main power switches on two control cabinet (S5 & S6)
9 Controller in normal mode and faults cleared
10 Wait 10-30 seconds for pneumantic valves to open
11 When control valves open set rotameter flows as shown below
12 Turn trace heating switch 1 on 
1 Ensure switches (S2 & S4)are all off
2 LPG on in control room to combustion lab
3 Yellow LPG valve to A/B solenoid open & LPG supply line
4 Check LPG pressure gauge reads 7-15 psig
5 A/B switch S4 on
6 A/B controller set to 1, push blue button
7 Open the cooling air for CFB burner port
8 Check A/B view port for flame
9 Open cold water valve to prevent the pyrolysis in feeding system
10 CFB switch S2 on
11 Open small regular valve, turn cabinet switch to 1 & push blue button
12 Check CFB flame visually and temperature
13 Fill 10kg sand through sand charger into CFB
14 Open air valve (CV09) to CFB view port
15 Turn CFB controller to 2
16 Open yellow CFB valve and needle valves (slowly)
17 Set the CFB LPG flow to 20~30L/min for 2 mins
18 Visual check in CFB and watch O2 reading decrease
19 Adjust needle until CFB O2 reads about ~8%
20 Micro GC needs bake out process run before operation
1 All reading monitored constantly and recorded every 30 mins
2 Visual inspection every 30 mins through view ports
3 Check for leaks
4 If temperatures plateau on computer, increase air & LPG for heat-up
7 Turn nitrogen purge on low for heat up (5L/min) once BFB1 > 500°C
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1 Check particle lab steam valve is open in room D113
2 Get boiler room key from mechanical workshop & return afterwards
3 Check water level in sight tubes
4 Turn boiler 'burner' switch on in boiler room
5 Fill in boiler use book in boiler room (run times, project, initial)
1 Temperature ~800°C
2 Operators only in the lab
3 Turn switch S1 on (interlock will prevent auger operation)
4 Ensure circulation is adequate and no signs of blockages
5 Turn cooling fan on for auger motor
6 Ensure knife gate valve is shut
7 Turn up A/B main air to 6 & A/B dilution air to 14
8 Open main auger circular valve at top of main screw feeder
9 Check auger switches in Fwd. mode (auger will not run unless S1 on)
10 Start feeding wood on a low setting (290rpm)
11 Check feed port is not causing pellets to bridge
12 Set auger RPM depending on feedstock, see white board in gasifier lab 
for setting
1 Check BFB distributor, syphon and chute temperatures
2 Ensure large steam line gate valve is shut
3 Check steam on at control panel (switch S1)
4 Empty condensed water into bucket
5 Ensure two checked valves are clear
6 Turn main steam valve on very slowly to clear water into bucket
7 Progressively reduce airflow to BFB & increase steam to 6kg/h
8 Progressively reduce airflow to chute & increase steam to 4kg/h, and 
then decrease steam to 2kg/h and 1kg/h, depending on pressure 
measurements P5 & P6
9 Watch BFB #1 probe temperature changes
10 Progressively reduce airflow to Syphon & increase steam to 1kg/h
11 View Syphon, check bed material is circulating
Run hot test experiments!!!!
Adjust LPG rotameter according to the BFB temperature
When steady state conditions have been reached, record all plant data in the spreadsheet
Take gas & tar samples & label both samples with sample number & date
Check pellet level in the main hopper regularly















1 VSD off at wall and zeroed
2 Close circular valve at top of main auger
3 Increase siphon fluidization
4 Monitor A/B O2 and adjust air accordingly
5 Reduce steam flow, increase air to BFB, chute, syphon
6 Let char burn out for 30 mins
7 Regularly check standpipe view port for char circulation
8 Turn trace heating switch off located near steam meters
1 Check main LPG supply valve is shut off on CFB
2 Monitor O2 then shut off pilot burners at main control panel
3 Leave A/B on for at least 5 min
4 A/B off at control Panel
5 LPG off in control room & keys away
1 Get boiler room key from mechanical workshop and return afterwards
2 Turn off 'burner' switch
3 Write down turn-off time in log book
1 Let gasifier circulate on air for 20 mins to help cool down
2 Air flow rates reduced through rotameters
3 Nitrogen purge on to 1L/min until the next day
4 Stop Blower
5 Extraction hood off
6 Extract fans on until the next day
7 Cool Micro GC down below 35°C before turning off 
8 Main power switches on control panel off 
9 Compressed air on instrument wall until the next day
10 Shut gasifier lab fire-stop doors
11 Put all keys away in the cabinet and lock cabin
12 Cover up warning sign on combustion lab door







C. Checklist of Tar Calibration and Extraction 
In this section, the procedure for tar calibration and extraction developed in this thesis 
for the quantification of 25 species of tar compounds is presented.  
 
1. Internal Standard (IS) creation 
To create an internal standard to add to tar samples. 
1. Rinse a 25mL volumetric flask with DCM. Pipette 0.1mL dodecane into a 25mL 
volumetric flask using a 1000μL automatic pipette. 
2. Fill the 25mL volumetric flask with DCM up to the line. The concentration will be 
4000ppm. 
3. Pipette 1mL of 4000ppm into a 10mL volumetric flask using a 1mL automatic pipette. 
4. Fill the 10mL volumetric flask with DCM up to the line. The concentration will be 
400ppm. It is the Internal Standard. 
5. Label all flasks with name, date and compound. Place samples in the chemical 
refrigerator for longevity. 
 
2. Calibration of Internal Standard (IS) 
Whenever a new IS solution is made, the GC-FID has to be calibrated using a range of 
IS concentrations with standard tar solutions including light tar (LT) and heavy tar (HT). 
The light tar and heavy tar standard solution are purchased from Supelco Analytical 
and Restek, respectively. The solution certifications are shown in Fig. D-1 and D-2. 
 
• Pipette tips need to be changed every time they use a different chemical 
• Pipette tips need to be conditioned with DCM each time they are used 
• Label all vials with date, concentration and compounds  
 
The following list indicates a way to get the range of concentrations used in the 
calibration. 
1. 0.1ml LT + 0.1mL HT + 0.8mL DCM =1mL of 100mg/L LT-HT 
2. 0.2mL 100mg/L LT-HT + 0.7mL DCM + 0.1mL IS = 1mL of 20mg/L LT-HT-IS 
3. 0.1mL 100mg/L LT-HT + 0.8mL DCM + 0.1mL IS = 1mL of 10mg/L LT-HT-IS 
4. 0.1mL 100mg/L LT-HT + 0.9mL DCM = 1mL of 10mg/L LT-HT 
5. 0.5mL 10mg/L LT-HT + 0.4mL DCM + 0.1mL IS = 1mL of 5mg LT-HT-IS 
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6. 0.1mL 10mg/L LT-HT + 0.8mL DCM + 0.1mL IS =1mL of 1mg/L LT-HT-IS 
 
3. SPE Column Conditioning 
Before Supelclean LC-NH2 solid phase extraction (SPE) columns are used to take 
samples from the gasifier they have to be conditioned to remove any contaminants.  
 
1. Pipette 2mL of DCM into SPE column using a 1mL automatic pipette 
2. Use a large plastic syringe to force DCM through column into a waste beaker 
3. Do for all columns before use 
4. Put waste DCM in waste chemical bottle 
 
4. DCM:IPA solution creation 
Tar samples need to be treated with a solution of 50:50 vol/vol DCM:IPA to remove 
some types of tar from the SPE column. The creation of the DCM:IPA solution is done 
in the following way. 
1. Fill 5mL volumetric flask with IPA solution 
2. Transfer the 5mL of IPA solution to a 10mL volumetric flask 
3. Fill the remainder of the 10mL flask with DCM 
 
5. Tar Extraction Method 
Using DCM 
1. Weigh an empty GC vial with lid on and record the weight 
2. Put vial under used SPE column in retort stand in a fume-hood 
3. Pipette 0.1mL of IS into the SPE column using a 1000μL automatic pipette 
4. Pipette 0.9mL DCM into the metal sample insert accompanying the SPE column 
using a 1mL automatic pipette, allowing liquid to fall into SPE column 
5. Push liquid through the SPE column with a plastic syringe, slowly to ensure even 
flow. 
6. Weigh vial again, including lid and liquid 




1. Weigh an empty GC vial with lid on and record the weight 
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2. Put vial under used SPE column in retort stand in a fume-hood 
3. Pipette 0.1mL of IS into the SPE column using a 1000μL automatic pipette 
4. Pipette 0.9mL 50:50 vol/vol DCM:IPA into the metal sample insert accompanying 
the SPE column using a 1mL automatic pipette, allowing liquid to fall into SPE column 
5. Push liquid through the SPE column with a plastic syringe, slowly to ensure even 
flow. 
6. Weigh vial again, including lid and liquid 



























D. Properties Analysis of Bed Material and Feedstock 
In this section, the fuel properties analysed by local research institutes in New Zealand 
are presented. Veritec analysed the cellulose, hemicellulose and lignin of solid fuel, 
while CRL completed the proximate and ultimate analysis. The reports are shown in 
Fig. D-1 and D-2. 
 















D2. Wood pellet analysis by CRL 
 
Fig. D-2. Report of proximate and ultimate analysis from CRL 
 
 
